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Disertacija obravnava različne metode za posredno ocenjevanje kognitivne 
obremenitve voznika, kjer se kot indikator spremembe kognitivne obremenitve 
ocenjuje uspešnost opravljanja dodatne sekundarne naloge ob vožnji. Poseben 
poudarek je na standardizirani metodi zaznavno-odzivne naloge (ZON), ki se v 
zadnjih letih zaradi relativno enostavne implementacije pogosto uporablja za 
evalvacijo kognitivne obremenitve, ki jo povzroča uporaba informacijsko-
komunikacijskih sistemov v vozilih. Metoda temelji na zaznavanju vizualnih ali 
taktilnih dražljajev, kjer sta odzivni čas in uspešnost zaznavanja dražljajev 
indikatorja spremembe v kognitivni obremenitvi voznika. Ker je vožnja vizualno-
manualna naloga, sta čutili za vid in dotik najbolj obremenjeni pri opravljanju te 
naloge. Zato je uporaba drugega čuta za zaznavanje dražljajev, kot je na primer 
sluh, lahko veliko bolj primerna. Disertacija tako predstavlja analizo občutljivosti 
standardiziranih in alternativnih modalnosti dražljajev metode ZON (vizualni, 
taktilni in zvočni) za zaznavanje sprememb v kognitivni obremenitvi voznika. 
Predstavljen je tudi potek razvoja in validacije nove zvočne različice metode ZON, 
ki temelji na zaznavanju zvočnih dražljajev. Zaradi posebnosti metod za posredno 
ocenjevanje kognitivne obremenitve, ki od voznika zahtevajo opravljanje dodatne 
naloge ob vožnji, disertacija obravnava tudi morebitne slabosti uporabe tovrstnih 
metod, in sicer njihov vpliv na uspešnost vožnje in voznikovega vedenja. 
 
Ključne besede: zaznavno-odzivna naloga (ZON), kognitivna obremenitev, 
kognitivno odvračanje pozornosti, pozornost, varna vožnja, komunikacija človek-














This dissertation presents different methods for indirect assessment of driver’s 
cognitive load, where the performance of a secondary task is considered as an 
indicator of changes in cognitive load. It is centred on the standardised Detection-
Response Task (DRT) method, a method for the assessment of cognitive load and 
its effect on driver’s attention, which has gained in popularity in recent years 
mainly due to its relatively simple implementation. The DRT is based on the 
detection of visual or tactile stimuli, where the response time and success hit 
rates are considered as indicators of changes in cognitive load. However, since 
driving is a visual-manual task, it relies mostly on the vision and touch senses. 
Therefore, the use of an alternative sense, such as hearing, could be more 
appropriate. This dissertation presents an analysis of the sensitivity of all three 
DRT stimuli modalities (visual, tactile and auditory) to changes in cognitive load. 
It also presents the development and validation of a new auditory version of the 
DRT method, which is based on the detection of sound stimuli. Since the DRT 
method is based on the performance of a secondary task while driving, the 
intrusiveness of the method and its effect on the driver and driving performance 
are also explored.  
 
Keywords: Detection-Response Task (DRT), cognitive load, cognitive distraction, 




















Za strokovno pomoč, usmerjanje med raziskovalnim delom, konstruktivne 
komentarje in predloge ter nenehno motivacijo se zahvaljujem izr. prof. dr. Jaku 
Sodniku.  
Zahvaljujem se tudi sodelavcem v Laboratoriju za informacijske tehnologije za vse 
strokovne nasvete, še posebej doc. dr. Gregu Jakusu in Tomažu Čegovniku. Hvala 
tudi Klemnu Novaku in Klemnu Trontlju s podjetja NERVteh za vso tehnično 
pomoč. 
Hvala staršem, ker sta mi omogočila pridobitev izobrazbe, ki sem jo želela. Hvala 
tudi sestri Emiliji za vse nasvete in spodbudne besede. 












Povzetek ....................................................................................................................................................  
Abstract .....................................................................................................................................................  
1. Uvod ................................................................................................................................................ 1 
Metode za subjektivno ocenjevanje kognitivne obremenitve ............................................................ 3 
Metode na osnovi psihofizioloških meritev ........................................................................................ 4 
Metode za posredno merjenje kognitivne obremenitve .................................................................... 5 
Predstavitev problema ........................................................................................................................ 6 
Metodologija ....................................................................................................................................... 7 
Povzetki objavljenih del ..................................................................................................................... 15 
2. Sensitivity Evaluation of the Visual, Tactile, and Auditory Detection-Response Task Method while 
Driving ................................................................................................................................................... 21 
Abstract ............................................................................................................................................. 21 
Introduction ....................................................................................................................................... 23 
Methods ............................................................................................................................................ 24 
Results ............................................................................................................................................... 28 
Discussion .......................................................................................................................................... 33 
Conclusion ......................................................................................................................................... 34 
3. On the Selection of a Stimulus for the Auditory Variant of the Detection Response Task Method 
for Driving Experiments ......................................................................................................................... 37 
Abstract ............................................................................................................................................. 37 
Introduction ....................................................................................................................................... 38 
Related work ..................................................................................................................................... 39 
Methods ............................................................................................................................................ 40 
Discussion .......................................................................................................................................... 44 
4. Validation of the Auditory Detection-Response Task Method for Assessing the Attentional 
Effects of Cognitive Load ....................................................................................................................... 47 
Abstract ............................................................................................................................................. 47 
Introduction ....................................................................................................................................... 47 
Related work ..................................................................................................................................... 49 
Methods ............................................................................................................................................ 49 
Results ............................................................................................................................................... 52 
Discussion .......................................................................................................................................... 56 
5. Detection-Response Task – Uses and limitations .......................................................................... 59 
 
 
Abstract ............................................................................................................................................. 59 
Introduction ....................................................................................................................................... 60 
Detection-Response Task .................................................................................................................. 61 
Factors influencing the response time .......................................................................................... 61 
DRT versions and types of stimuli ................................................................................................. 62 
Choosing the right DRT version (relationship between the DRT version and the secondary task)
 ....................................................................................................................................................... 65 
Response to stimulus .................................................................................................................... 66 
DRT intrusiveness .......................................................................................................................... 67 
Alternative methods for the assessment of driver’s cognitive load ................................................. 70 
Conclusions ........................................................................................................................................ 73 
6. Zaključek ........................................................................................................................................ 75 
7. Prispevki k znanosti ....................................................................................................................... 79 








Uporaba različnih informacijsko-komunikacijskih sistemov med vožnjo je danes nekaj povsem 
običajnega. Sodobni informacijsko-komunikacijski (IK) sistemi v vozilih ponujajo vedno več informacij, 
ki poleg podatkov o vožnji, stanju na cesti in drugih z vožnjo povezanih informacij ponujajo tudi 
razvedrilne vsebine, dostop do spleta, telefonijo in veliko drugih vsebin, ki z vožnjo niso neposredno 
povezane. Glede na trend podaljševanja časa, ki ga človek preživi v vozilu, je razvoj IK-sistemov oziroma 
število vsebin, ki jih ponujajo, zelo pomemben in uporaben za voznika. Vendar uporaba teh sistemov 
predstavlja tudi odvračanje pozornosti od primarne naloge, ki je uspešno in varno upravljanje vozila. 
Pozornost je definirana kot koncentracija na določen vir informacij (James, 1890) oziroma kot proces 
koncentriranja ali osredotočenja omejenih kognitivnih virov za zaznavanje in mentalno procesiranje 
informacij (Streff in Spradlin, 2000). Po drugi strani je odvračanje pozornosti na cesti kompleksen 
psihološki konstrukt, saj se lahko pojavi kot posledica več različnih razlogov. Lee et al. definirajo 
odvračanje pozornosti od vožnje kot preusmeritev pozornosti stran od aktivnosti, ki so ključnega 
pomena za varno vožnjo (Regan et al., 2011). Odvračanje pozornosti je lahko eksogeno (zunanji vpliv) 
ali endogeno (notranji vpliv) (Recarte in Nunes, 2003). Eksogeno odvračanje pozornosti nastane kot 
posledica zunanjih dejavnikov (vizualnih in manualnih motenj), kot so odmik pogleda s cestišča zaradi 
uporabe mobilnega telefona ali drugega informacijskega zaslona v avtomobilu ter odmik roke stran od 
volana zaradi upravljanja radia ali brskanja po spletu. Endogeno odvračanje pozornosti je posledica 
kognitivne aktivnosti oziroma procesiranja informacij, ki niso neposredno povezane z vožnjo.  
Najpogostejša interakcija človek-stroj je dandanes na večini področij kot tudi v vozilu vizualno-
manualna interakcija, kjer stroj ali informacijski sistem sporoča informacije človeku vizualno, ta pa 
vnaša ukaze oziroma vhodne parametre ročno (ali v določenih primerih z nogo). Pri vizualno-manualni 
interakciji sta najbolj obremenjeni čutili za vid (zaznavanje informacij) in tip (vnos ukazov). Čeprav je 
to najpogostejša oblika interakcije, ki se uporablja tudi za IK-sisteme v vozilu, je vožnja oziroma naloga 
upravljanja vozila prav tako vizualno-manualna naloga, kar zahteva uporabo enakih čutil za opravljanje 
obeh nalog hkrati. Vedno bolj prisotna je tudi zvočno-glasovna interakcija, kjer sistem zvočno sporoča 
informacije, človek pa upravlja stroj z glasovnimi ukazi. Pri tem voznik uporabi čutilo za sluh, ki je manj 
obremenjeno pri opravljanju naloge vožnje. Vendar mora voznik ne glede na način sporočanja 
informacij s strani IK-sistema razumeti oziroma obdelati sprejete informacije, da se lahko ustrezno 
odzove in nadaljuje komunikacijo z IK-sistemom, hkrati pa ohrani varno vožnjo. Procesiranje teh 
informacij predstavlja za voznika kognitivno nalogo. Na podlagi tega je možno razdeliti vrste odvračanja 
pozornosti ali motnje, ki jih srečujemo v vozilih kot posledico interakcije človek-stroj, v tri skupine 
(NHTSA, 2010):  
 ročno (manualno) odvračanje pozornosti, 
 vizualno odvračanje pozornosti in  
 kognitivno odvračanje pozornosti.  
Prvo vrsto odvračanja pozornosti (manualna motnja) predstavlja interakcija, ki zahteva od voznika, da 





na primer pri zamenjavi radijske postaje, vklopu klime, vnosu naslova destinacije v navigacijske 
naprave ipd. Vizualno odvračanje pozornosti predstavlja interakcija, ki zahteva od voznika, da usmeri 
svoj pogled (ali fokus pogleda) na neko točko v vozilu in posledično stran od vozišča. To so vsi IK-sistemi, 
ki vizualno sporočajo informacije vozniku. Do te motnje pride pri zaznavanju informacij iz sistema, kot 
so odčitavanje zunanje in notranje temperature avta, opazovanje cestne razporeditve na zaslonu 
navigacijske naprave, spremljanje obveščevalnih lučk ali besednih opozoril itd. Tretja vrsta odvračanja 
pozornosti (kognitivna obremenitev) je najbolj kompleksna, saj za razliko od prejšnjih dveh ni le 
posledica zaznavanja ali sporočanja informacij, temveč je tudi posledica obdelave le-teh. Kognitivno 
odvračanje pozornosti je najtežje izmeriti, saj je odvisno od uporabljenih čutil kakor tudi od povezave 
med njimi. 
Uporaba IK-sistemov in raznih mobilnih naprav v vozilih je eden izmed najpogostejših vzrokov za 
prometne nesreče tako med mladimi kot tudi med izkušenimi vozniki (Klauer idr., 2014). Obstaja veliko 
ukrepov, s katerimi raziskovalci, proizvajalci vozil in organi za varnost v cestnem prometu skušajo 
zmanjšati in omejiti vizualno in manualno oziroma eksogeno odvračanje pozornosti. Manualno 
odvračanje pozornosti so uspešno zmanjšali s premikom ročno upravljanih vhodnih tipk na volanu 
(González idr., 2007; Fujimura idr., 2013) in z uvedbo prepoznave glasovnih ukazov za upravljanje 
informacijskih sistemov (Chen idr., 2010; Sodnik in Tomažič, 2015) ter tako posledično preprečili 
umikanje rok voznika z volana. K zmanjšanju vizualnega odvračanja pozornosti so znatno pripomogle 
spremembe in novosti na področju prikazovanja informacij. V večini vozil na trgu so informacije še 
vedno prikazane na zaslonih armaturnih plošč (ang. Head-down displays), ki se nahajajo pod vidnim 
poljem voznika, ki je sicer usmerjeno na cesto in vozišče. Najsodobnejše tehnologije vizualnega 
prikazovanja informacij pa sedaj omogočajo tudi prikaz informacij na zaslonu znotraj vidnega polja 
voznika, in sicer neposredno nad volanom. Informacije so lahko projicirane na vetrobransko steklo 
(ang. Head-up display) ali celo direktno na cesto (Park in Kip, 2013; Dicke idr., 2013; Jakus idr., 2015). 
Druga varnejša alternativa je tudi zvočni prikaz informacij v vozilu (Sodnik idr., 2008; Sodnik in Tomažič, 
2015). 
Endogeno oziroma kognitivno odvračanje pozornosti je veliko težje odpraviti, saj je odvisno tudi od 
vsebine informacije in ne le od modalnosti, v kateri je informacija predstavljena. Za zmanjševanje 
kognitivnega odvračanja pozornosti je potrebno optimalno prilagoditi način sporočanja in način 
sprejemanja informacij ter vsebino same informacije. Po teoriji o kognitivni obremenitvi je sposobnost 
obdelave informacij v kratkoročnem (delovnem) spominu človeka omejena. Opravljanje ene ali več 
nalog hkrati, ki zahtevajo veliko količino (omejene) kognitivne zmogljivosti, lahko povzroči kognitivno 
preobremenitev (De Jong, 2010). Medtem ko se pri zmerni obremenitvi pozornostnih virov obdelava 
manj pomembnih nalog lahko zavestno onemogoči z uporabo selektivne pozornosti, se v primeru 
visoke kognitivne obremenitve nezavedno povečuje obdelava tudi le-teh (Lavie idr., 2004; Lavie, 2005). 
Tako lahko v veliki množici tekačev na maratonu poiščemo in spremljamo le tek svojega prijatelja, 
vendar ne moremo brati kompleksnega strokovnega besedila na glasnem rock koncertu. V veliko 
vsakdanjih situacijah je ta pojav neopazen, vendar ima pri vožnji lahko resne posledice. V primeru 
kognitivne preobremenitve voznik ne more zavestno določiti, da bo vožnja njegova primarna naloga, 
in se lahko namesto na dogajanje na cesti osredotoči na procesiranje manj pomembnih informacij, kot 
je na primer pogovor, ki ga opravlja prek telefona. En možen pristop k reševanju tega problema je 





informacije se potem lahko uporabijo že v začetnih fazah načrtovanja uporabniškega vmesnika z 
namenom doseči kognitivno manj zahtevno izmenjavo informacij med voznikom in IK-sistemom. Pri 
tem je potrebno uporabiti natančne in zanesljive metode za ocenjevanje kognitivne obremenitve, ki 
upoštevajo lastnosti testnega okolja, ki je v primeru vožnje predvsem dinamično in se v veliki meri 
razlikuje od kontroliranega laboratorijskega okolja.  
Kognitivna obremenitev predstavlja koncept razporeditve mentalnih virov oziroma napor, ki je 
potreben za opravljanje ene ali več nalog hkrati (Kahnemen, 1973). Ker podaja pomembno informacijo 
o zmožnostih procesiranja informacij v določenem času, je njeno ocenjevanje relevantno za številna 
področja, od učenja pa do upravljanja s stroji, vozili ali celo letali. Kognitivna obremenitev nima merske 
enote, zato se vedno ocenjuje posredno in se izraža prek sprememb drugih parametrov, ki se prav tako 
spreminjajo, kadar se spremeni nivo kognitivne obremenitve. V ta namen je bilo razvitih veliko različnih 
metod, ki jih glede na opazovane parametre in način njihovega ocenjevanja razdelimo v tri večje 
skupine:  
 metode, ki temeljijo na samoevalvaciji oz. samoevalvacijskih vprašalnikih (subjektivno 
ocenjevanje),  
 metode na osnovi psihofizioloških meritev ter  
 metode za posredno merjenje (s pomočjo dodatne naloge). 
Čeprav imajo vse metode enak cilj, je njihova uporaba velikokrat omejena le na eno področje ali na 
določeno merilno okolje. Zato je izbira pravilne metode za ocenjevanje kognitivne obremenitve zelo 
pomembna, saj mora upoštevati tako okolje kot vir informacij, ki povzročajo to obremenitev. 
Metode za subjektivno ocenjevanje kognitivne obremenitve 
Zelo pogost način ocenjevanja kognitivne obremenitve je s pomočjo samoocenjevalnih vprašalnikov, 
kjer testiranci sami ocenijo težavnost oziroma količino obremenitve, povzročene s strani naloge, ki jo 
opravljajo, ali sistema, ki ga ocenjujejo. Večina teh vprašalnikov je večdimenzionalnih, kar pomeni, da 
velikokrat ocenjujejo več med seboj povezanih parametrov, kot so mentalni napor, utrujenost, stres in 
frustracije, ki so močno korelirani (Paas idr., 2003).  
Indeks NASA za ocenjevanje zahtevnosti naloge (ang. NASA Task Load (NASA TLX)) v originalni (Hart in 
Staveland, 1988) in prirejenih različicah (Byers idr., 1989; Moroney idr., 1992; Pauzié, 2008) predstavlja 
enega izmed najpogosteje uporabljanih vprašalnikov za samoocenjevanje napora. Je sestavljen iz več 
lestvic, ki skupaj tvorijo splošno oceno o obremenitvi na podlagi ocen šestih parametrov: mentalna 
obremenitev, fizična obremenitev, časovna obremenitev, uspešnost opravljanja naloge, napor in 
nezadovoljstvo. Na podoben način je zasnovana tudi Tehnika za ocenjevanje subjektivne obremenitve 
(ang. Subjective Workload Assessment Technique (SWAT)), kjer testiranci podajo samooceno o treh 
parametrih: stres, časovni napor in mentalni napor (Reid in Nygren, 1988). Čeprav sta bili obe metodi 
razviti primarno za ocenjevanje napora pilotov, se NASA TLX in SWAT uporabljata tudi za ocenjevanje 
voznikov. Pri raziskavah, kjer nas zanima le kognitivna obremenitev, uporaba tovrstnih ocenjevalnih 






Precej drugačen pristop je v Metodi za ocenjevanje mentalne obremenitve (ang. Workload Profile 
(WP)), kjer namesto vloženega napora testiranci ocenjujejo, kateri pozornostni vir so uporabili (pri tem 
dobi vsak testiranec seznam definicij vsakega pozornostnega vira) za opravljanje določene naloge 
(Tsang in Velazquez, 1996).  
Obstajajo tudi enodimenzionalni vprašalniki, kjer testiranci ocenjujejo le en parameter, kot je npr. 
Lestvica za ocenjevanje zaznanega mentalnega napora (ang. Rating Scale Mental Effort (RSME)) (Zijlstra 
and Van Doorn, 1985). Pri slednji je potrebno biti posebej pozoren pri uporabi lestvice v različnih 
jezikih, saj na rezultate lahko vplivajo tudi kulturološke razlike in ne le mentalna obremenitev (Widyanti 
idr., 2013).  
Čeprav se samoocenjevanje lahko zdi vprašljivo, so študije pokazale, da so ljudje sposobni podati 
numerično oceno za zaznano obremenitev (Paas idr., 2003). Na njihovo oceno pa vseeno lahko vpliva 
način zbiranja podatkov, saj se ti testi vedno rešujejo po dokončanju ocenjevanih nalog. V primeru 
daljših nalog, kot je na primer vožnja, lahko testiranec pozabi na začetne dele naloge in posledično 
odgovori odražajo napor za opravljanje delov proti koncu naloge. Samoevalvacijske vprašalnike je zato 
v študijah o vožnji in IK-sistemih v vozilih smiselno uporabljati kot dodatno in ne kot samostojno 
meritev. 
Metode na osnovi psihofizioloških meritev 
Kognitivno obremenitev je možno opazovati tudi prek sprememb različnih psihofizioloških parametrov, 
npr. kardiovaskularnih, elektrodermalnih, očesnih in možganskih aktivnosti. Metode, ki temeljijo na 
teh parametrih, veljajo za zanesljivejše, vendar je njihova implementacija zahtevnejša od uporabe 
vprašalnikov. Obstaja veliko senzorjev in merilnih naprav za spremljanje psihofiziološkega stanja 
voznika ter metod, s katerimi lahko iz teh podatkov ocenimo kognitivno obremenitev voznika.  
Srčni utrip in variabilnost srčnega utripa sta pogosto opazovana kardiovaskularna parametra, saj se 
njune vrednosti spremenijo ob povečani kognitivni obremenitvi (Wierwille in Eggemeier, 1993; Thayer 
idr., 2009; Billman idr., 2015). Kateri izmed teh dveh parametrov je bolj občutljiv za kognitivno 
obremenitev, pa je težko potrditi, saj si rezultati študij nasprotujejo (Mulder, 1992; Mehler idr., 2011). 
Največja pomanjkljivost teh metod na področju vožnje je vpliv gibanja na rezultate, saj sta oba procesa 
namenjena izpolnjevanju fizičnih zahtev (Brodal, 2010).  
Za doseganje zanesljivejših rezultatov Mehler idr. (2011) predlagajo (poleg kardiovaskularnih 
parametrov) tudi opazovanje elektrodermalnih parametrov. Pri spremljanju elektrodermalne 
aktivnosti (ang. Electrodermal activity (EDA)) je potrebno biti pozoren na dejstvo, da je sestavljena iz 
dveh komponent:  
- elektrodermalni nivo, ki je posledica termoregulatornega procesa in  
- eletrodermalni odziv, ki pa je povezan z impulzi simpatičnega živčevja (Sequeira idr., 2009).  
Slednji je pogosto povezan tudi s posebno čustveno ali kognitivno aktivnostjo. Ker pride do aktivacije 
enakih žlez znojnic tudi pri povečanem stresu, je ob uporabi metod, ki temeljijo na spremljanju 
elektrodermalne aktivnosti, pomembno uporabiti modele, ki lahko ločijo podatke o kognitivni 





Kognitivno obremenitev je možno ocenjevati tudi s spremljanjem očesnih aktivnosti, kot so velikost 
zenice ter hitrost in frekvenca mežikanja (Marshall, 2002; Van Gog idr., 2009). Raziskave so pokazale, 
da je velikost zenice možno meriti ne le z visokocenovnimi, temveč tudi z nizkocenovnimi sledilci 
pogleda (ang. eye tracker) (Klinker idr., 2008; Palinko idr., 2010; Čegovnik idr., 2018). Kognitivno 
obremenitev je možno opazovati tudi s spremljanjem pogleda in pojavov, ki nastanejo kot posledica 
povečane kognitivne obremenitve. Govorimo predvsem o zmanjševanju vidnega polja (ang. visual 
tunneling) in podaljšani fiksaciji pogleda (ang. eye fixations) (Stuyven idr., 2000; Recarte in Nunes, 
2003). Pri uporabi metod, ki temeljijo na očesnih aktivnostih, je velikokrat težava tudi v sami 
natančnosti uporabljenih merilnikov, saj so ti občutljivi na svetlobne spremembe. Tako se lahko oko 
voznika odzove tudi zaradi pojava svetlobnih znakov, luči drugih avtomobilov in vremenskih 
sprememb. Vendar je pri študijah, ki se izvajajo v simuliranem okolju in okolju z nadzorovanim nivojem 
svetlobe, možno zelo zanesljivo ocenjevanje kognitivne obremenitve na podlagi očesnih aktivnosti.  
Naslednja alternativa je tudi uporaba elektroencefalografije (EEG). Metode, ki temeljijo na merjenju 
signalov EEG, predstavljajo najboljši približek neposrednega merjenja kognitivne aktivnosti (Gevins in 
Smith, 2003; Berka idr., 2007; Antonenko idr., 2010; Kumar in Kumar, 2016). S signali EEG lahko 
zaznamo tudi zelo majhne spremembe v kognitivni obremenitvi, vendar pa ni možno zaznati kognitivne 
podobremenitve (Wester idr., 2008). Kognitivna podobremenitev je posledica zmanjšane pozornosti, 
ki se na primer lahko pojavi v avtonomnih ali polavtonomnih vozilih. Za zaznavanje podobremenitve je 
primernejša uporaba od dogodka odvisnih potencialov (ang. event-related response (ERP)). ERP 
temeljijo na časovno zamaknjenem merjenju kompleksnejših potencialov oziroma možganskih odzivov 
na senzorične, kognitivne ali motorične dražljaje in se prav tako merijo z EEG-senzorji.  
Večina senzorjev za spremljanje psihofizioloških parametrov in pripadajoče programske opreme za 
obdelavo zbranih podatkov ima relativno visoko ceno, zaradi česar postanejo za veliko raziskovalcev 
nedostopni. Poleg tega ima tudi dinamičnost vožnje velik vpliv na podatke, zajete na osnovi tovrstnih 
parametrov, kar zahteva dodatno previdnost in otežuje analizo podatkov. 
Metode za posredno merjenje kognitivne obremenitve 
Alternativno je kognitivno obremenitev voznikov mogoče opazovati tudi z ocenjevanjem uspešnosti 
opravljanja dodatne naloge ob vožnji, kjer so najpogosteje uporabljeni indikatorji odzivni čas, čas 
potreben za dokončanje naloge in stopnja uspešnosti naloge. Te metode so velikokrat enostavne za 
implementacijo in so zasnovane tako, da upoštevajo lastnosti testnega okolja.  
V simulatorjih vožnje je pogosta uporaba metode zamenjave pasu (ang. Lane change test), kjer je 
naloga voznika zamenjati vozni pas v skladu z navodili prometne signalizacije (ISO, 2010). Vijuganje, 
velikost kota pri zamenjavi pasu ter število pravilno opravljenih zamenjav so pokazale korelacijo z 
obsegom kognitivne obremenitve voznika. Pomanjkljivost testa je vpliv vizualne motnje (zaradi 
vizualne predstavitve sekundarne naloge s pomočjo prometne signalizacije) na koeficiente, povezane 
s kognitivno obremenitvijo, ter nizka stopnja ekološke veljavnosti poskusa (eksperimentalno okolje ni 
dovolj realistično) (Mattes, 2003).  
V zadnjem času pridobiva pozornost pred kratkim standardizirana metoda zaznavno-odzivne naloge 
(ZON) (ang. Detection-Response Task (DRT)), ki se vedno pogosteje uporablja v raziskavah o interakciji 





dražljajev in odzivni časi indikatorji povečane kognitivne obremenitve. Odlikujeta jo enostavna 
implementacija in možnost izbire različnih dražljajev, ki omogočajo uporabo te metode v simuliranem 
in realnem okolju, ter možnosti evalvacije različnih IK-sistemov. Metoda ZON predstavlja osrednjo 
temo disertacije in je zato podrobneje predstavljena v naslednjih poglavjih. 
Predstavitev problema 
Metoda zaznavno-odzivne naloge (ZON) je standardizirana metoda za posredno merjenje kognitivne 
obremenitve voznika in njenega vpliva na voznikovo pozornost s pomočjo sekundarne naloge (ISO, 
2016). Metoda temelji na zaznavanju vizualnih (Slika 1.1) ali taktilnih dražljajev (Slika 1.2), ki se pojavijo 
na vsakih 3 do 5 sekund. Oblika, intenziteta, postavitev in trajanje dražljajev so zelo natančno 
definirani, saj je zaznavanje in odziv na dražljaje odvisen od vseh teh parametrov1.  
Pri vizualni različici je dražljaj predstavljen v obliki rdeče točkaste svetlobe. Glede na postavitev 
dražljajev ima vizualna različica metode dve možni izvedbi – oddaljena in naglavna. V oddaljeni različici 
je vizualni dražljaj postavljen na levi strani armaturne plošče ali vetrobranskega stekla tako da se nahaja 
v perifernem vidnem polju voznika (Slika 1.1 a)). Fiksna postavitev vizualnega dražljaja predstavlja 
določeno pomanjkljivost te izvedbe, saj voznik lahko spregleda predstavljena dražljaja zaradi 
dinamičnosti vožnje (na primer pogled v stranska ali vzvratno ogledalo, spremljanje cestno-prometnih 
znakov ali ostalih udeležencev v prometu) in ne neposredno zaradi povišane kognitivne obremenitve. 
Takšna izvedba je bolj primerna za študije, kjer se uporabljajo namizni simulatorji vožnje in simulacije 
nadomestne vožnje (testni uporabnik opazuje video posnet z zornega kota voznika), kjer je vizualno 
polje veliko manjše. Pri naglavni izvedbi vizualne različice ZON je ta pomanjkljivost odpravljena, saj je 
vizualni dražljaj postavljen pred levim očesom voznika (Slika 1.1 b)), tako da je ves čas v vizualnem polju 
voznika. Taktilni dražljaj je postavljen na desni strani ramenskega obroča voznika, v bližini vratu. Za 
predvajanje taktilnih dražljajev se uporablja majhen vibracijski motorček.  
Naloga voznika je reagirati na dražljaje s pritiskanjem gumba ob volanu, pripetega na njegov/njen 
kazalec. Odzivni čas in uspešnost zaznavanja dražljajev sta definirana kot indikatorja uspešnosti 
opravljanja sekundarne naloge in posredno kot indikatorja povečane kognitivne obremenitve. Pri tem 
je odzivni čas voznika definiran kot čas od trenutka sprožitve dražljaja do trenutka, ko voznik odreagira 
na dražljaj s pritiskom na gumb ob volanu. Uspešnost zaznavanja dražljajev je razmerje med številom 
uspešno zaznanih dražljajev in vseh predstavljenih dražljajev, pri čemer se za uspešne reakcije 
upoštevajo samo tiste, ki so izvedene v časovnem intervalu od 100 do 2500 ms po nastopu dražljaja.  
                                                          
1 Priporočene specifikacije so zaščitene s strani Mednarodne organizacije za standardizacijo (ISO) in njihova 






Slika 1.1: Različne postavitve vizualnega dražljaja pri vizualni metodi ZON: a) oddaljena postavitev in 
b) naglavna postavitev (vedno v vidnem polju voznika) (Bruyas and Dumont, 2013) 
 
Slika 1.2: Postavitev taktilnega dražljaja pri taktilni metodi ZON (Bruyas and Dumont, 2013) 
Uporaba vizualnih ali taktilnih dražljajev kot sekundarne naloge za ocenjevanje IK-sistemov med vožnjo 
z vidika teorije o več virih ni najbolj primerna (Wickens, 2002). Vožnja je namreč primarno vizualno-
manualna naloga, ki jo voznik opravlja s pomočjo čutil vida in dotika. Komunikacija z večino sodobnih 
IK-sistemov prav tako poteka prek teh dveh čutil, saj so informacije najpogosteje prikazane vizualno, 
voznik pa vnaša ukaze ročno. Teorija o več virih predpostavlja, da je količina pozornosti (sestavljena iz 
več pozornostnih virov), ki jo ima človek v danem trenutku na voljo, omejena (Wickens, 2002). In 
čeprav je človek sposoben opravljati več nalog, ki zahtevajo isti pozornostni vir hkrati s pomočjo 
razdvojene (razdeljene) pozornosti, je uspešen le do trenutka, ko pride do zasičenja tega 
pozornostnega vira. Zato je uporaba dražljajev druge modalnosti, ki ne uporabljajo že zasedenih 
pozornostnih virov pri vožnji, lahko veliko primernejša. Na primer, zvočni dražljaji imajo zelo dobre 
lastnosti, saj s pravo izbiro frekvence in glasnosti lahko vplivamo na hitrost odzivnosti in prioriteto pri 
selektivni pozornosti (z izbiro alarmantnih zvokov). Upoštevajoč uporabnost in dostopnost metode 
ZON, njeno enostavno implementacijo in razširjeno uporabo že obstoječih različic, je predpostavka, da 
je metodo možno nadgraditi in s tem povečati njeno uporabnost, motivirala nastanek te disertacije.  
Metodologija  
Potek dela 
Pred standardizacijo metode ZON leta 2016 so bile v večini objavljenih raziskav na področju te metode 
uporabljene različne tehnične implementacije metode, različne intenzitete in izvedbe dražljajev, 






narediti splošno primerjavo rezultatov vseh različic metode (vizualne, taktilne in zvočne), izbrati 
najprimernejšo oziroma najbolj občutljivo različico in tudi preveriti našo predpostavko, da lahko 
dosežemo boljše rezultate z uporabo zvočnih dražljajev. V ta namen je bila narejena študija, v kateri 
smo pod enakimi pogoji primerjali občutljivost metode ob uporabi vseh treh modalnosti dražljajev: 
vizualnih, taktilnih in zvočnih. V času izvajanja študije je bila metoda ZON še vedno v postopku 
standardizacije, zato se tehnična implementacija vizualnih in taktilnih dražljajev, uporabljena v tej 
študiji, razlikuje od priporočene tehnične implementacije v standardu. Ker se metoda ZON uporablja 
za ocenjevanje učinkov kognitivne obremenitve kot posledica uporabe IK-sistema v vozilu, nas je 
zanimalo tudi, ali je kakšna povezava med modalnostjo sporočanja informacij (s strani IK-sistema) in 
modalnostjo dražljajev metode ZON, predvsem, kadar sta ti modalnosti enaki. Pri tem smo uporabili 
kognitivno nalogo, ki je simulirala uporabo IK-sistema, da bi zagotovili enako povečevanje kognitivne 
obremenitve pri vseh testirancih. Rezultati so pokazali, da je z uporabo zvočnih dražljajev možno 
veljavno zaznavati učinke kognitivne obremenitve. Presenetljivo in v nasprotju z našimi pričakovanji 
rezultati študije niso pokazali nobenih učinkov na občutljivost metode, kadar so dražljaji in kognitivna 
naloga (simulacija IK-sistema) enake modalnosti.Podroben opis študije in rezultatov je predstavljen v 
2. poglavju. 
Na podlagi teh rezultatov smo se odločili podrobneje raziskati zvočne dražljaje in možnosti razvoja 
zvočne različice metode ZON. V prvi študiji smo uporabili naključno izbran zvočni signal kot zvočni 
dražljaj, saj smo želeli dobiti predvsem odgovor na vprašanje, ali je možno uporabljati zvok kot 
alternativni dražljaj za zaznavanje učinkov kognitivne obremenitve. Raziskave so pokazale, da so 
odzivni časi zelo odvisni od amplitude zvočnega tlaka (glasnosti) in frekvence zvočnih dražljajev (Cattel, 
1886; Pieron, 1920; Chocholle, 1940; Nissen, 1977). Ker je odzivni čas eden od dveh indikatorjev 
kognitivne obremenitve pri metodi ZON, je smiselno upoštevati te lastnosti pri izbiri zvočnega signala, 
ki bi se uporabljal kot zvočni dražljaj v metodi. V drugi uporabniški študiji smo tako primerjali več 
signalov različnih frekvenc: beli šum, enofrekvenčne signale (čisti toni) ter večfrekvenčne signale 
(sestavljene iz vsote treh frekvenc). Vsi signali so bili predvajani pri enaki glasnosti 53 dB SPL. Rezultati 
študije so pokazali, da sta enofrekvenčna signala 4 kHz in 8 kHz najbolje zaznavala kognitivno 
obremenitev. Ker pa se s starostjo zgornja frekvenčna meja človeškega sluha znižuje, smo za nadaljnjo 
uporabo izbrali le signal 4 kHz. Podroben opis študije in rezultatov je predstavljen v 3. poglavju.  
V času izvedbe druge študije je Mednarodna organizacija za standardizacijo (ang. International 
Organization for Standardization (ISO)) standardizirala metodo ZON kot metodo za ocenjevanje 
učinkov kognitivne obremenitve na pozornost voznika, standard ISO 17488 (ISO, 2016). Z namenom 
validacije izbranega zvočnega signala iz prejšnje študije smo izvedli še eno študijo. Primerjali smo 
odzivne čase in uspešnost zaznavanja signalov ob uporabi  zvočnega dražljaja, določenega v prejšnji 
študiji, ter vizualnega in taktilnega dražljaja na način, ki je določen v standardu ISO 17488. Rezultati 
študije so pokazali, da je bila naša zvočna različica metode statistično pomembno boljša od 
standardizirane vizualne in taktilne različice za zaznavanje učinkov kognitivne obremenitve voznikov. 
Na osnovi te študije smo lahko tudi predlagali izbiro zvočnega signala in način predstavljanja zvočnega 
dražljaja za izvedbo zvočne različice metode ZON na podoben način, kot je zapisano v standardu ISO 
17488 za vizualne in taktilne različice metode ZON. Podroben opis študije in rezultatov je predstavljen 





Po treh študijah, v katerih so rezultati (ne glede na uporabljene modalnosti dražljajev) vsakič potrdili, 
da je z metodo ZON možno oceniti učinke kognitivne obremenitve voznikov, smo želeli raziskati tudi 
morebitne učinke same metode na voznika in vožnjo. Čeprav metoda ZON ocenjuje kognitivno 
obremenitev, ki jo povzroča dodatna naloga (upravljanje IK-sistema), tudi sama zahteva od voznika 
opravljanje dodatne naloge (odgovarjanje na dražljaje). Invazivnost metode smo raziskali še z eno 
študijo, kjer smo opazovali kognitivno obremenitev, uspešnost vožnje in uspešnost upravljanja IK-
sistema (oz. uspešnost opravljanja kognitivne naloge, ki je simulirala komunikacijo z IK-sistemom). 
Spremembe v kognitivni obremenitvi smo tokrat ocenjevali z merjenjem premera zenic, meritve, ki se 
je izkazala kot zanesljiva za uporabo v simulatorjih vožnje (Palinko idr., 2010; Čegovnik idr., 2018). 
Rezultati te študije so pokazali, da metoda ZON (vse tri modalnosti dražljajev) ne povzroča kognitivne 
obremenitve voznika, vpliva pa na uspešnost vožnje in uspešnost opravljanja kognitivne naloge 
(simulacija uporabe IK-sistema). Čeprav je povprečna hitrost voznikov ostala enaka v pogojih brez ZON 
in z njo, so rezultati pokazali statistično pomembno povečanje standardne deviacije hitrosti in 
pospeškov. Statistično pomembnih razlik v uspešnosti opravljanja kognitivne naloge prav tako ni bilo, 
vendar pa se je podaljšal čas, potreben za opravljanje naloge. Te ugotovitve je smiselno upoštevati pri 
vseh raziskavah, kjer se za ocenjevanje kognitivne obremenitve pri uporabi IK-sistemov uporablja 
metoda ZON, posebej kadar se poleg kognitivne obremenitve ocenjuje tudi uporabnost IK-sistema v 
vozilu. Uspešnost vožnje in čas, potreben za opravljanje naloge, sta pogosta kazalnika, ki se uporabljata 
pri testiranju uporabnosti IK-sistemov v vozilih, zato se je potrebno zavedati, da nanju vpliva tudi 
metoda ZON in ne le uporaba testiranega IK-sistema. S poznavanjem tudi pomanjkljivosti metode lahko 
pridemo do zanesljivejših zaključkov in interpretacij rezultatov. 5. poglavje tako predstavlja podroben 
pregled področij uporabe in omejitve metode ZON. 
Izbira sekundarne kognitivne naloge 
Pri izbiri kognitivne naloge, ki simulira uporabo IK-sistema, smo izhajali iz objavljenih študij o evalvaciji 
vizualne in taktilne metode ZON. Pri tem je bilo možno zaslediti več različnih sekundarnih nalog, vsem 
pa je skupna možnost večstopenjske zahtevnosti. Najpogosteje (Ranney idr., 2011; Conti idr., 2012; 
Young idr., 2013; Harbluk idr., 2013; ISO, 2016) uporabljeni nalogi sta:  
- zvočno-glasovna naloga n-nazaj (Mehler idr., 2012) in  
- vizualno-manualna naloga »poišči tarčo« (ISO, 2012).  
Zvočno-glasovna naloga »n-nazaj« (ang. n-back task ali Delayed digit recall task) je preprosta naloga s 
števili, kjer se vozniku vsakih 5 sekund zvočno predstavi naključno izbrano enomestno število, naloga 
voznika pa je ponoviti slišano število po vnaprej določenem zaporedju, odvisno od težavnostne stopnje 
naloge (Mehler idr., 2012). Prva oziroma najmanj zahtevna stopnja zahteva od voznika, da ponovi 
številko takoj, ko jo sliši (stopnja 0-nazaj) (Tabela 1.1). Pri naslednji stopnji (stopnja 1-nazaj) voznik 
ponovi številko šele, ko sliši naslednjo. Naloga predvideva 4 težavnostne stopnje, kjer je 4. stopnja 
oziroma 3-nazaj najzahtevnejša stopnja, vendar se le-ta uporablja zelo redko. Naloga n-nazaj je v 
standardu ISO 17488 predstavljena kot čista kognitivna naloga. 
 





 Zaporedje števil 
Predstavljeno število 1 4 2 8 9 9 3 0 
Odgovor voznika pri 0-nazaj 1 4 2 8 9 9 3 0 
Odgovor voznika pri 1-nazaj - 1 4 2 8 9 9 3 
Odgovor voznika pri 2-nazaj - - 1 4 2 8 9 9 
Odgovor voznika pri 3-nazaj - - - 1 4 2 8 9 
 
Vizualno-manualna naloga »poišči tarčo« (ang. Surrogate reference task) predstavi vozniku nabor 
krogcev enake velikosti, kjer je samo en krogec (tarča) večji od ostalih (ISO, 2012). Naloga voznika je, 
da poišče in izbere izstopajoči krogec z uporabo tipk za pomik levo in desno (Slika 1.3). Z 
zmanjševanjem razlik v premeru krogcev v primerjavi s tarčo se povečuje zahtevnost naloge. Na 
primer, če je premer tarče za 100 odstotkov večji od preostalih krogcev, je to manj zahtevna stopnja, 
kadar je premer tarče večji le za 50 odstotkov premera ostalih krogcev, pa bolj zahtevna stopnja. 
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Slika 1.3: Različne težavnosti vizualno-manualne naloge: a) manj zahtevni nivo, in b) bolj zahtevni 
nivo 
Obe nalogi, nalogo n-nazaj in nalogo »poišči tarčo«, so uporabile tudi raziskovalne skupine, ki so 
evalvirale metodo ZON (vizualno in taktilno različico) v postopku standardizacije s strani Mednarodne 
organizacije za standardizacijo (ISO, 2016). Da bi lahko primerjali dobljene rezultate iz te naloge z 
obstoječimi raziskavami na področju metode ZON, predvsem občutljivost nove zvočne različice s 
standardiziranimi različicami, smo se odločili, da tudi mi uporabimo eno izmed teh dveh nalog za vse 
uporabniške študije. Ker vizualno-manualna naloga zahteva uporabo čutil za vid in tip, ki sta potrebna 
za upravljanje vozila, smo zato, da bi se izognili dodatnim motnjam pri odzivnih časih, uporabili zvočno-
glasovno nalogo n-nazaj.  
Testno okolje in oprema 
ISO standard 17488 dovoljuje uporabo metode ZON v  štirih oblikah eksperimentalnih postavitev:  
- brez vožnje, 
- simulacija nadomestne vožnje (testni uporabniki gledajo video posnet z zornega kota voznika), 
- simulator vožnje in 
- v vozilu. 
Da bi zagotovili varnost testnih uporabnikov kot tudi kontrolirano in ponovljivo testno okolje, smo vse 





Za prvo študijo, kjer smo primerjali občutljivost vizualne, taktilne in zvočne metode ZON, smo uporabili 
namizni simulator, ki je bil sestavljen iz enega 22-palčnega LCD-zaslona AOC (AOC International, 
Tajvan), volana Thrustmaster s tridelnim setom pedala za upravljanje vozila in avtomatskega 
menjalnika (ThrustMaster, ZDA) (Slikla 1.4). Uporabili smo programsko opremo City Car Driving 
software 1.4., ter scenarij mestne vožnje v velikim mestom (Forward Development, Rusija) (Slika 1.5).  
 
Slika 1.4: TrustMaster set za upravljanje vozila (Thrustmaster, ZDA). 
 
Slika 1.5: Mestni scenarij v City Car Driving (Forward Development, Rusija). 
V drugi študiji smo primerjali odzive na sedem različnih zvočnih dražljajev z namenom izbrati 
najprimernejšega za zvočno različico metode ZON. Namesto vožnje v simulatorju smo uporabili 
simulacijo nadomestne vožnje, da bi se lahko osredotočili samo na odzivni čas in se izognili vsakršnemu 
manualnemu odvračanju pozornosti ali nalaganju nenadzorovane kognitivne obremenitve. Standard 
ISO 17488 v dodatku E poudarja, da gledanje videoposnetkov o vožnji, posnetih z zornega kota voznika, 
povzroči enake relativne rezultate kot vožnja s simulatorjem ali vožnja po zaprti cesti (ISO, 2016). V 
delu študij, ki so evalvirale metodo ZON za standard ISO, so prav tako uporabili simulacijo nadomestne 
vožnje (ISO, 2016). Videoposnetek, ki smo ga predvajali, je bil posnet z zornega kota voznika in je 






Slika 1.6: Simulacija navidezne vožnje. 
Videoposnetek, ki smo ga predvajali, je bil posnet z zornega kota voznika in je predstavljal vožnjo po 
nemški avtocesti. Videoposnetek smo predvajali na enem ukrivljenem 48-palčnem LED-televizorju 
Samsung (Samsung Electronics Co, Južna Koreja), medtem ko so udeleženci sedeli v dirkalnem 
avtomobilskem sedežu z volanom Fanatec in tridelnim setom pedala za upravljanje vozila (Fanatec, 
Nemčija)(Slika 1.7).  
 
Slika 1.7: Simulator vožnje NERVteh (NERVteh, Slovenija). 
Zadnjo študijo smo izvedeli v simulatorju vožnje NERVteh (NERVteh, Slovenija), ki je sestavljen iz treh 
ukrivljenih 48-palčnih televizorjev, programske opreme OKTAL (OKTAL, Francija), dirkalnega sedeža z 
volanom Fanatec in tridelnega seta pedala za upravljanje vozila ter avtomatskega menjalnika (Slika 
1.7). Vozni scenarij je predstavljal vožnjo po slovenski avtocesti (omejitev 130 km/h, točno določen 






Slika 1.8: Vožnja po avtocesti v OKTAL  (OKTAL, Francija), scenarij razvit s strani podjetja NERVteh 
(NERVteh, Slovenija). 
Podobno kot testno okolje se je med študijami spreminjala tudi oprema za predvajanje dražljajev ZON. 
V prvi študiji, kjer smo predvsem želeli preveriti, ali je možno uporabljati zvočne dražljaje za metodo 
ZON ter primerjati občutljivost različic za zaznavanje kognitivne obremenitve, smo uporabili 
nizkocenovno in enostavno dostopno opremo za predvajanje signalov. Za predstavitev vizualnih in 
taktilnih dražljajev smo uporabili mobilno aplikacijo Mobile Detection Task (Krause idr., 2014). Vizualni 
dražljaj je bil predstavljen tako, da se je cel zaslon mobilnega telefona obarval rdeče (Slika 1.9).  
              
Slika 1.9: Mobilna aplikacija Mobile Detection Task (Institute of Ergonomics (TUM), Nemčija). 
Za taktilne dražljaje je aplikacija uporabljala vibracijske dražljaje telefona. Odziv na dražljaje je bil 
možen s pritiskom na zaslon ali na gumb (katerikoli gumb za upravljanje zvoka) klasičnih slušalk, 
povezanih z mobilnim telefonom prek kabla.  
Za predvajanje zvočnih dražljajev v prvi in drugi študiji smo razvili preprosto namizno aplikacijo Java za 





popačenje (Fastl in Zwicker, 2006), smo zvočne dražljaje predvajali prek naglavnih slušalk Sennheiser 
HDR 180 (Sennheiser, Nemčija), (Slika 1.10). Odziv na dražljaje je bil možen s pritiskom na gumb 
računalniške miške.  
 
Slika 1.10: Naglavne brezžične slušalke Sennheiser HDR 180 (Sennheiser, Nemčija). 
V zadnji študiji smo za predvajanje vseh dražljajev ter beleženje odzivov nanje uporabili mikrokontrolno 
ploščo Arudio Mega in odprto kodo raziskovalne skupine Krause idr. (2014) (Slika 1.11).  
V zadnji študiji smo opazovali tudi premer zenice testnih uporabnikov. Za merjenje smo uporabili očala 
za sledenje pogleda Tobii Pro glasses 2 (Tobii Technology, Švedska) (Slika 1.12). Očala merijo absolutno 












Slika 1.11: Shema ožičenja za Ardiuno Mega (Institute of Ergonomics (TUM), Nemčija) 
 
Slika 1.12: Očala za sledenje pogleda in merjenje premer zenice Tobii Pro Glasses 2 (Tobii Technology, 
Švedska) 
Povzetki objavljenih del 
Rezultati raziskav, ki so nastali v okviru te disertacije, so predstavljeni v štirih člankih, objavljenih v 
mednarodnih znanstvenih revijah s faktorjem vpliva. Vsebina člankov je predstavljena (v nekoliko 





Rezultati in ugotovitve primerjalne analize vseh različic metode ZON in analize medsebojnega vpliva 
metode ZON in ostalih sekundarnih nalog, predvsem kadar so dražljaji metode ZON in sekundarne 
naloge iste modalnosti, so predstavljeni v članku »Evalvacija občutljivosti vizualne, taktilne in zvočne 
različice metode zaznavno-odzivne naloge (ZON) med vožnjo« (ang. Sensitivity evaluation of the 
visual, tactile, and auditory detection-response task method while driving) objavljen v Reviji Traffic 
Injury Prevention (Stojmenova idr., 2017). Vsebina članka je predstavljena v 2. Poglavju, povetek 
članka v slovenščini pa je predstavljena v nadalnjevanju tega podpoglavja.  
Rezultati raziskave o zvočnih dražljajih, kjer smo s pomočjo teoretičnih zakonov psihoakustike in 
uporabniške študije določili najprimernejši zvok za dražljaj v zvočni različici metode, so predstavljeni v 
članku »Izbira dražljaja za zvočno različico metode zaznavno-odzivne naloge (ZON) za eksperimente 
med vožnjo«, (ang. On the Selection of a Stimulus for the Auditory Variant of the Detection Response 
Task Method for Driving Experiments), objavljen v reviji Traffic Injury Prevention (Stojmenova idr., 
2018a). Vsebina članka je predstavljena v 3. Poglavju, povetek članka v slovenščini pa je predstavljena 
v nadalnjevanju tega podpoglavja.  
Rezultati raziskave o validaciji izbranega zvočnega signala in tehnični izvedbi zvočne različice metode 
ZON so predstavljeni v članku »Validacija zvočne zaznavno-odzivne naloge (ZON) za ocenjevanje 
pozornostnih učinkov kognitivne obremenitve« (ang. Validation of the Auditory Detection-Response 
Task Method for Assessing the Attentional Effects of Cognitive Load), sprejetem za objavo v reviji 
Traffic Injury Prevention (Stojmenova in Sodnik, 2018b). Vsebina članka je predstavljena v 4. 
poglavju, povetek članka v slovenščini pa je predstavljena v nadalnjevanju tega podpoglavja. 
Podrobni pregled literature o področjih uporabe in omejitvah metode ZON, kjer so predstavljeni tudi 
rezultati študije o invazivnosti metode in njen vpliv na voznika in vožnjo, so predstavljeni v članku 
»Zaznavno-odzivna naloga (ZON) – uporaba in omejitve«, (ang. Detection-Response Task – Uses and 
Limitations), objavljen v reviji Sensors (Stojmenova in Sodnik, 2018d). Vsebina članka je predstavljena 
v 5. poglavju, povetek članka v slovenščini pa je predstavljena v nadalnjevanju tega podpoglavja. 
 
Evalvacija občutljivosti vizualne, taktilne in zvočne različice metode zaznavno-
odzivne naloge (ZON) med vožnjo 
Cilji: V tem članku ocenjujemo občutljivost treh različic metode ZON, ki jih predlaga osnutek standarda 
ISO 17488 (ISO Draft Standard DIS – 17488), za kognitivno obremenitev. 
Metode: Predstavljamo uporabniško študijo s 30 udeleženci, v kateri smo primerjali občutljivost za 
kognitivno obremenitev pri uporabi vizualne, zvočne in taktilne ZON v simuliranem vozniškem okolju. 
Količina kognitivne obremenitve se je spreminjala z dodatnimi nalogami n-nazaj dveh težavnostnih 
stopenj (0-nazaj in 1-nazaj). Raziskali smo tudi, ali je metoda ZON najmanj občutljiva za kognitivno 
obremenitev, kadar so dražljaji in dodatna naloga iste modalnosti. V ta namen smo uporabili tri oblike 
predstavitve dražljajev naloge n-nazaj: vizualno, zvočno in taktilno. Odgovori na nalogo so bili v vseh 
primerih govorni. Poskus (za različne modalnosti ZON) je bil izveden z različnimi skupinami, znotraj iste 





naloga udeležencev je bila voziti varno, druga prioriteta pa sta bila odgovor na dražljaje ZON in izvajanje 
dodatnih nalog. 
Rezultati: Rezultati kažejo, da so bile vse tri različice ZON, ki smo jih testirali, občutljive za zaznavo 
razlike v kognitivni obremenitvi med referenčno vožnjo in vožnjo, med katero je bil udeleženec 
zaposlen z dodatnimi nalogami. Le pri vizualni ZON se je pri povprečnem odzivnem času pojavilo 
razločevanje med pogoji 0-nazaj in 1-nazaj. V nasprotju s pričakovanji nismo opazili nobene povezave 
med modalnostjo ZON in modalnostjo dražljajev, ki so bili uporabljeni za predstavitev dodatnih nalog. 
Sklepi: Nobena od treh metod predstavljanja dražljajev ZON ni pokazala stalno prisotne prednosti v 
občutljivosti za razlikovanje več ravni kognitivne obremenitve, če upoštevamo vse: odzivni čas, 
uspešnost zaznavanja dražljajev in izvajanje dodatne naloge. Ob upoštevanju le odzivnega časa je nekaj 
prednosti pokazala vizualna predstavitev dražljaja ZON, uporabljenega v tej študiji. Pri interpretaciji 
teh podatkov je potrebno poudariti, da so se metode predstavljanja dražljaja ZON nekoliko razlikovale 
od trenutno predlaganega osnutka standarda ISO. Možno je, da je na ugotovitve vplivala sorazmerno 
boljša vidnost vizualnega dražljaja ZON. Predlagamo, da se pri nadaljnjem raziskovanju relativne 
občutljivosti za različne modalnosti dražljajev ZON upošteva več kot dve ravni težavnosti naloge n-
nazaj. Parametre, ki kažejo spremembo v kognitivni obremenitvi (odzivni čas, uspešnost zaznavanja 
dražljajev, uspešnost izvajanja naloge), je pri določanju celotnega vpliva na voznika potrebno analizirati 
skupaj, ne vsakega posebej. Tako dobimo celovitejši vpogled v ocenjeno kognitivno obremenitev. 
Izbira dražljaja za zvočno različico metode zaznavno-odzivne naloge (ZON) za 
eksperimente med vožnjo 
Cilji: Zaznavno-odzivna naloga (ZON) je metoda za merjenje pozornostnih učinkov dodatnih nalog na 
voznikovo kognitivno obremenitev z merjenjem odzivnih časov in uspešnosti zaznavanja različnih vrst 
dražljajev kot posrednih indikatorjev povečane kognitivne obremenitve. Standard ISO 17488 (2016) 
podaja smernice za tehnično izvedbo in merilne metode le za vizualne in taktilne različice metode ZON 
(uporaba vizualnih in taktilnih dražljajev). Ta članek predstavlja študijo, katere cilj je poiskati 
najustreznejši zvočni dražljaj za izvedbo zvočne različne metode ZON.  
Metode: Članek predstavlja rezultate poskusa, v katerem smo primerjali odzive na 7 različnih zvočnih 
dražljajev ZON, ki so se razlikovali v frekvenci, kognitivna obremenitev pa je bila povzročena s 
prilagojeno nalogo n-nazaj. Poskus je potekal v simuliranem vozniškem okolju, z eno skupino. Kot 
indikatorje povečane kognitivne obremenitve smo opazovali odzivne čase, uspešnost zaznavanja 
dražljajev in uspešnost izvajanja dodatnih nalog.  
Rezultati: V primerjavi z enofrekvenčnimi signali so bili pri signalu belega šuma ugotovljeni statistično 
pomembni krajši odzivni časi. Vendar pa so bile največje razlike v odzivnih časih med poskusi s 
kognitivno nalogo in tistimi brez nje ugotovljene pri enofrekvenčnih signalih 4 kHz in 8 kHz. Pri različnih 
dražljajih niso bile ugotovljene statistično pomembne razlike v uspešnosti zaznavanja dražljajev in 
uspešnosti izvajanja dodatnih nalog.  
Sklepi: Vedno prisotne statistično pomembne razlike v odzivnih časih za vse preskušene dražljaje 
dokazujejo, da je tudi zvočna različica ZON občutljiva za spremembe v kognitivni obremenitvi. 





nalogo v primerjavi s poskusi brez nje kaže, da je enega od teh signalov mogoče uporabiti kot 
potencialni zvočni dražljaj pri zvočni različici ZON. 
Validacija zvočne zaznavno-odzivne naloge (ZON) za ocenjevanje pozornostnih 
učinkov kognitivne obremenitve 
Cilji: Obstajajo tri standardizirane različice zaznavno-odzivne naloge (ZON), dve, ki uporabljata vizualne 
dražljaje (oddaljena ZON in naglavna ZON) ter ena, ki uporablja taktilne dražljaje. V tem članku je 
predstavljena študija, ki predlaga in preverja vrsto zvočnega signala, ki bi ga uporabljali kot dražljaj 
ZON, ter ocena predlagane zvočne metode, ki smo jo primerjali s standardiziranima vizualno in taktilno 
različico.  
Metode: Študija je bila zasnovana za eno skupino s 24 udeleženci, ki so izvajali naloge v simulatorju 
vožnje. Vsak udeleženec je opravil osem dvominutnih voženj, med katerimi so morali izvesti tri različne 
naloge: vožnjo, odgovarjanje na dražljaje ZON in izvajanje kognitivne naloge (naloga n-nazaj). 
Predstavljena dodatna kognitivna obremenitev in vrsta dražljajev ZON sta bili definirani kot neodvisni 
spremenljivki. Kot odvisne spremenljivke smo opazovali odzivne čase ZON in uspešnost zaznavanja 
dražljajev, izvajanje naloge n-nazaj in velikost zenice.  
Rezultati: Statistično pomembne spremembe v velikosti zenice pri poskusih s kognitivno nalogo v 
primerjavi s poskusi brez nje so dokazale, da je bila kognitivna obremenitev povzročena pravilno. Vse 
različice ZON so pokazale statistično pomembno podaljšanje odzivnih časov in zmanjšanje uspešnosti 
zaznavanja dražljajev pri poskusih z dodatno kognitivno nalogo v primerjavi s poskusi brez nje. Pri 
zvočni in taktilni različici smo dobili podobne in statistično pomembno boljše rezultate za razlike v 
odzivnih časih in uspešnost zaznavanja dražljajev kot pri vizualni različici. Nismo opazili statistično 
pomembnih razlik v stopnji uspešnosti med poskusi z dražljaji ZON in poskusi brez njih, kot tudi ne med 
poskusi z različnimi modalnostmi dražljajev ZON.  
Sklepi: Rezultati te študije kažejo, da je zvočna različica ZON, pri kateri se uporablja izvedba signalov, 
predlagana v tem članku, občutljiva za učinke kognitivne obremenitve na pozornost voznika in je za 
zvočno-govorne dodatne kognitivne naloge n-nazaj statistično pomembno boljša od oddaljene 
vizualne in taktilne različice. 
Zaznavno-odzivna naloga (ZON) – uporaba in omejitve  
Zaznavno-odzivna naloga je metoda za ocenjevanje pozornostnih učinkov kognitivne obremenitve v 
vozniškem okolju. Voznikom je vsakih 3-5 sekund predstavljen čutni dražljaj, na katerega se morajo 
odzvati s pritiskom na gumb, ki je pritrjen na njihovem prstu. Odzivni časi in uspešnost zaznavanja 
dražljajev se interpretirajo kot indikatorji pozornostnega učinka kognitivne obremenitve. Dražljaji so 
lahko vizualni, taktilni ter zvočni in se jih izbere glede na vrsto sistema ali naprave v vozilu, ki je predmet 
evalvacije. Največja pomanjkljivost je, da tudi sama metoda vpliva na voznikovo uspešnost zaznavanja 
dražljajev in čas dokončanja dodatne naloge. Vendar pa je to metoda, ki je enostavna za uporabo in 
izvedbo ter omogoča ustrezno ocenjevanje in evalvacijo sistemov v vozilih. Ob upoštevanju priporočil 
in omejitev metode raziskovalci lahko dobijo zanesljive in dragocene podatke o pozornostnih učinkih 
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2. Sensitivity Evaluation of the Visual, Tactile, and Auditory Detection-
Response Task Method while Driving 
Abstract 
Objectives: In this paper, we evaluate the sensitivity to cognitive load of three 
versions of the Detection Response Task method (DRT), proposed in ISO Draft 
Standard DIS – 17488. 
Methods: We present a user study with 30 participants in which we compared 
the sensitivity to cognitive load of visual, audio and tactile DRT in a simulated 
driving environment. The amount of cognitive load was manipulated with 
secondary n – back tasks at two levels of difficulty (0 – back and 1 – back). We 
also explored if the DRT method is least sensitive to cognitive load when the 
stimuli and secondary task are of the same modality. For this purpose, we used 
three forms to present the n – back task stimuli: visual, audio, and tactile. 
Responses to the task were always vocal. The experiment was based on a 
between-subject design (the DRT modalities) with two levels of within-subject 
design study (modalities and difficulty of the secondary n – back tasks). The 
participants’ primary task in the study was to drive safely, and as a second priority 
to answer to DRT stimuli and perform secondary tasks. 
Results: The results indicate that all three versions of the DRT tested were 
sensitive to detecting the difference in cognitive load between the reference 
driving period, and driving and engaging in the secondary tasks. Only the visual 
DRT discriminated between the 0-back and 1-back conditions on mean response 
time. Contrary to expectations, no interaction was observed between DRT 
modality and the stimuli modality used for presentation of the secondary tasks. 
Conclusions: None of the three methods of presenting DRT stimuli showed a 
consistent advantage in sensitivity in differentiating multiple levels of cognitive 
load if all response time, hit rate, and secondary task performance are 
considered. If only response time is considered, the visual presentation of the 
DRT stimulus used in this study showed some advantages. In interpreting this 
data, it should be noted that the methods of DRT stimulus presentation varied 
somewhat from currently proposed draft ISO standard and it is possible that the 
relative salience level of the visual DRT stimulus influenced the findings. It is 
further suggested that more than two levels of difficulty of the n-back task should 
be considered for further investigation of the relative sensitivity of different DRT 
stimuli modalities. Parameters that indicate change in cognitive load (response 
time, hit rate, task performance) should be analysed together in assessing the 
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overall impact on the driver and not individually, in order to get a fuller insight of 
the assessed cognitive load. 
Keywords: detection-response task (DRT), cognitive load, secondary tasks, 
driving 
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In-vehicle information systems (IVIS) offer much more than just information about the vehicle’s 
performance and traffic information, and represent a secondary task for the driver. Its use diverts the 
driver’s attention from the primary task of driving and can cause additional cognitive load. Cognitive 
load theory proposes that cognitive capacity in the working memory is limited, so if a task or set of 
tasks require too much capacity, processing of data will be obstructed and cognitive overload would 
appear (De Jong, 2010).  While high attention load can eliminate (with selective attention) the 
processing of less important tasks, high cognitive load increases the processing of irrelevant tasks as 
well (Lavie, 2005). In a lot of everyday situations this phenomenon is unnoticed, but when driving it 
can have serious safety-related consequences. 
It is therefore very important to estimate the amount of cognitive workload imposed on the driver 
due to the use of IVIS while operating a vehicle. These results should be considered carefully when 
designing new human – machine interfaces in vehicles in order to optimize the use of working 
memory capacity and avoid cognitive overload. 
Detection-Response Task 
Recently more and more user studies have used the Detection Response Task (DRT) method for 
assessing the effect of cognitive load on the attention of the driver. The DRT method was derived from 
the Peripheral Detection Task (PDT), an indirect visual signal detection method for measuring cognitive 
workload when performing a secondary task (Martens and Van Winsum, 2000). In PDT, a frequently 
repeated visual stimulus in the form of a red light is placed 5 to 25 degrees left of the vehicle operator’s 
normal line of sight. The task of the operator is to manually respond to the presented stimuli. The DRT 
method, on the other hand, measures the response times to repeating stimuli of different modality 
(visual, auditory, and tactile), while performing a secondary task, in order to estimate attentional 
effects on cognitive load (Young et al., 2013). Longer response times and lower hit rates (detection 
accuracy) are considered as indicators of an increase in cognitive load. The method is currently being 
discussed by ISO (2015) – DIS 17488 as the basis of a standard for assessing attentional effects of 
cognitive load in driving.  
PDT and DRT methods have been studied in combination with secondary tasks of different input 
modalities (visual, tactile and auditory). The output channel of secondary tasks (i.e. the way a driver 
responds to a task) can be manual (e.g. pressing a button, drawing a physical gesture on a screen, etc.) 
or vocal (e.g. saying a command aloud).  Jahn et al. (2005) tested PDT sensitivity for measuring the 
driver’s cognitive workload when using two different types (sizes) of visual route guidance systems. 
They came to the conclusion that PDT is sensitive when it comes to detecting short-lasting workload 
peaks, but is not suitable for measuring the overall cognitive workload – mainly because of its fixed 
setting. Harms and Patten (2003) got similar results, and suggested that the PDT method should not 
be used for estimating the cognitive workload of drivers when using visual information systems 
because PDT is visual, and visual information processing is also an important part of the process of 
driving. Bruyas et al. (2013) and Ranney et al. (2014) used two different placements of visual stimuli 
and additional tactile stimuli to test the sensitivity of DRT to driving demand and task difficulty. In the 
first visual version, it was attached to the driver’s head in front of his left eye (head-mounted Detection 
Response Task (HDRT)), and was therefore always in the driver’s visual field. In the second visual 
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version, it was attached to the windshield, similar to the PDT setting (remote Detection Response Task 
(RDRT)). With the head-mounted setting they wanted to avoid the possible limitations of the fixed 
setting of visual stimuli recognized by Jahn et al. and Harms and Patten. Bruyas et al. results showed 
that DRT is sensitive to driving demand and the level of difficulty of auditory cognitive tasks. However, 
no difference between the response times for different levels of difficulty of visual – manual tasks was 
detected. Such results are actually in line with the conclusions presented earlier. In PDT, longer 
response times or misses of the visual stimuli can appear mainly due to the high visual demand of 
driving or the secondary task. In addition, a lower sensitivity of the RDRT may also indicate that tactile 
or audio stimuli should be used instead of visual stimuli. The results from the study of Ranney et al. 
showed that the tactile Detection Response Task (TDRT) was consistently more sensitive than other 
DRT variants in the driving simulator. They also noted that potential visual conflicts associated with 
RDRT and to a lesser extent with HDRT may create problems when used with visual-manual tasks, 
supporting the earlier conclusions made for the PDT method (i.e., which is a visual method as well). 
Engstrom et al. (2005) investigated the possible differences between the visual PDT and tactile DRT 
stimuli in various real-world driving conditions. Their results showed greater sensitivity of the tactile 
DRT to visual and cognitive secondary tasks. Young et al. (2013) focused only on the sensitivity of the 
tactile version of DRT by using the same secondary tasks as Bruyas et al. (2013). They came to the 
conclusion that it was both specific and sensitive to attentional effects caused by the differences in 
cognitive load. Merat et al. (2006) compared the sensitivity of the tactile and auditory DRT for audio-
vocal secondary tasks. They found that the auditory version of DRT was more sensitive to cognitive 
load (imposed by the secondary tasks) when compared to the tactile version of DRT. 
The presented related work suggests tactile DRT is more sensitive to cognitive load than visual DRT, 
and audio DRT is more sensitive to cognitive load than tactile DRT. However, as different secondary 
tasks and testing environments have been used for these independent research studies, a general 
assumption that the auditory DRT is the most sensitive version of the DRT method cannot be 
concluded. The variety of the reported results and conclusions motivated us to design an extensive 
study where all three versions were systematically compared using the same secondary tasks and 
driving environment. In addition, the relationship between the stimuli modality and task modality was 
investigated as well. 
Methods 
Our research study was conducted in a simulator consisting of a Lenovo ThinkCentre M91p computer 
with an Intel Core i5 Processor (3,1 GHz), a GeForce GTX 460 SE (336 cores) graphics card, a 22” LCD 
display monitor, and a Thrustmaster steering wheel with a three pedal set.  We used City Car Driving 
software 1.4. (2015), which features: car driving in а big city, the countryside and a variety of other 
situations encountered on the road. The participants drove in the “big city” scenario without any route 
guidance in a simulated automatic gear mode. They were specifically instructed to follow traffic rules 
and to focus primarily on safe driving. Additionally, they were also asked to perform the secondary n 
– back task as accurately as possible, and to respond to the DRT stimuli as quickly as possible. The two 
most important research questions we focused on are: 
 Which of the three versions of the DRT method is most sensitive for estimating the cognitive 
load while driving, and 
Sensitivity Evaluation of the Visual, Tactile, and Auditory Detection-Response Task Method while 
Driving 
Traffic Injury Prevention 
25 
 
 Is there any relationship between DRT stimuli modality and the secondary task modality? 
Our first hypothesis is that all three versions of the DRT method (visual, audio and tactile) are sensitive 
to cognitive load. Our second hypothesis is that the DRT method will be least sensitive to cognitive 
load when the stimuli and secondary n – back task are of the same modality. 
Experiment Design 
We performed a combined between and within subject experiment. The participants were divided into 
three groups. Each group participated in the experiment under different DRT stimuli modality 
(between-subjects design). Each participant performed 3 secondary tasks (visual – vocal, audio – vocal, 
and tactile – vocal) at two levels of difficulty (within-subjects design). The within-subjects design was 
conducted with a counterbalanced measures design. Table A1 presents all possible experiment 
conditions.  
Before the start of the experiment, participants underwent a reference measurement, in which they 
responded to 18 DRT stimuli of the selected modality, without performing a secondary task. The 
reference measurement was performed to assess each participant’s response time to the selected 
stimulus and to test the sensitivity of the corresponding DRT method (in order to validate our first 
hypothesis). This measurement was not considered as a condition in the experiment.  
The average session time for each participant was approximately 33 minutes. Table A2 shows an 
example of the experiment’s time-line for a participant that was presented with visual DRT and started 
the first and last task at a higher level of difficulty. 
Participants 
Altogether 20 males and 10 females, aged from 20 to 57 years, participated in the experiment. The 
average age was 31.7 years. Participants were split evenly among age and gender in three groups of 
10 people. All participants had a valid driving licence and reported to have normal or corrected-to-
normal vision. None of the participants reported any hearing problems. 
Stimuli 
The draft standard recommends use of visual (remote or head-mounted) red light LED stimuli or tactile 
stimuli presented through a tactile vibrator (placed on the driver’s shoulder). Drivers respond to the 
stimuli by pressing a button attached to their index finger (ISO, 2015). The draft standard also shows 
that the absolute response times differ among different sites and experimental set-ups. However, they 
all have an excellent relative validity (ISO, 2015). The methods employed in the present study were 
intended to follow the general principles of the proposed ISO standard, but differed in some ways to 
simplify implementation and reduce cost by utilizing set-ups based on a mobile phone application that 
is freely available as open-source (Krause, 2014). 
We used three different types of stimuli for DRT: visual, tactile and auditory. The stimulus was 
presented at random intervals (every 2 – 5 seconds) in order to avoid the anticipation effect. 
Participants responded to the stimulus by pressing a button that was attached to the steering wheel 
on the side of their dominant hand, which was self-reported by the participants. The mean response 
time was calculated as the mean of all correctly detected stimuli between 100 and 2500 milliseconds 
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after its triggering, as suggested by the proposed DRT standard (ISO, 2015). Hits before 100 ms were 
considered as “early”, and hits after 2500 ms as “missed” and were not included in the mean response 
time calculations. The mean hit rate was calculated as the ratio of correctly detected stimuli and all 
stimuli presented (correctly and incorrectly detected stimuli). 
The mean response times and hit rates for different versions of the DRT method were statistically 
analysed to find significant differences in the results. The ANOVA test (with Bonferroni post-hoc tests) 
was used for the data with homogenous variance and the non-parametric Kruskal-Wallis test (with 
Games-Howell post-hoc tests) was used in case of non-homogeneity of variance. 
Visual and tactile DRT 
For the presentation of visual and tactile stimuli, we used a mobile application (Mobile Detection Task 
– MDT), which enables the use of the DRT method on Android smart phones (Krause, 2014). In both 
cases, we used a Samsung Galaxy S4 mobile phone. An external button connected to the headphone 
jack was used to respond to the stimulus. The phone was not connected to the Internet and the SIM 
card was removed to avoid any interruption.  
For the visual DRT, the display of the mobile phone was used to present the stimuli (see Figure 2.1.). 
When the stimulus is active, the application changes the colour of the screen background to red. The 
phone was placed in front of the bottom left corner of the simulator screen. Although we used a 
remote setting instead of head-mounted, because of the rather small scale of the simulator, the stimuli 
were still always in the driver’s visual field.  
 
Figure 2.1: Visual DRT presented with the MDT application. 
For the tactile DRT, vibration stimuli from the mobile phone were used (see Figure 2.2.). The phone 
was attached to the participant’s right arm above the elbow.  
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Figure 2.2: Tactile DRT presented with the MDT application. 
Auditory DRT 
For the auditory DRT, we developed a custom Java application for generating a sound stimulus (a 
modulated harmonic signal with a central frequency of 600 Hz and 800ms of duration). 
Tasks 
Driving performance 
The primary task of this experiment was to drive safely and follow traffic rules while driving in a 
simulator. The driving performance was taped throughout the whole experiment and evaluated based 
on the occurrence of the following driving anomalies: driving above the allowed speed limit, not using 
turn signals, running a red light, and causing accidents. The driving anomalies were weighted as 
follows:  
 one point for driving over the speed limit (the speed limit was 50 km/h) and not 
using turn signals,  
 two points for running a red light, and  
 three points for causing accidents.  
An overall traffic rule violation score was then calculated and used for analyzing the driving 
performance. 
Secondary n – back task  
For the secondary task we used a modified form of the n – back task presented in the draft ISO 
standard, which requires the driver to respond to stimuli in a specific sequence order (Mehler et al., 
2011, Mehler et al., 2012). We employed two difficulty levels: 0 – back and 1 – back task. We studied 
three forms of presenting the n – back items: visual, audio, and tactile; responses to the task were 
always vocal. In other words, the presentation-response forms were: visual-vocal, auditory-vocal, and 
tactile-vocal. 
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The visual – vocal n – back task required the driver to visually observe single digit numbers (5x2 cm) 
presented on a separate computer screen located to the right of the simulator screen (see Figure 2.1.). 
In the 0 – back condition, the driver was to say out loud the currently displayed number. In the 1 – 
back condition, the driver needed to place the current number in short term memory and say out loud 
the previously presented number (see Table 2.1.). The audio-vocal n – back task followed the same 
structure accept that the numbers were read out loud by the experimenter. The sequence of numbers 
was generated randomly for both conditions.  
Table 2.1 Consequential order of numbers in an n – back task.  
Number 0 8 4 1 3 
0 - back 0 8 4 1 3 
1 - back -- 0 8 4 1 
 
For the tactile – vocal n – back task, the driver was tapped on the left or right shoulder and had to 
identify the side and report it to the experimenter (last tap for 0 – back and penultimate tap for 1 – 
back). The participant was presented with the tactile stimuli (tapped) by the experimenter at a random 
time interval from 3 – 5 seconds, generated by the same computer program used for both visual and 
audio stimuli.  
Each participant performed all three types of secondary tasks at both difficulty levels. We used 10 trials 
(inputs) of each secondary task for both 0 – back and 1 – back tasks. 
Results 
Figure 2.3 shows the mean response times and the mean hit rates for each version of DRT for both 
levels of the n – back task, and the additional reference measurement.  
An ANOVA test showed a significant (p < 0.05) main effect of cognitive load on DRT response times and 
hit rates: Faudio(2,60) = 13.403, p < 0.001; Fvisual(2,67) = 25.145, p < 0.001; Ftactile(2,67) = 11.296, p < 0.001. 
A post-hoc Bonferroni test revealed that the mean response times (upper part of Figure 1) are 
significantly longer (p < 0.001) for 0 – back and 1 – back tasks compared to the reference. No significant 
difference was found between the 0 – back and 1 – back tasks, except for the visual DRT, where 
significantly longer response times were confirmed for the 1 – back compared to the 0 – back tasks (p 
= 0.014).  
A Kruskal – Wallis test showed significant differences (p < 0.05) in mean hit rates (bottom part of Figure 
1): Haudio = 8.152, 2 d.f., p = 0.017; Hviusal = 3,996, 2 d.f.,p = 0.136 ; Htactile = 26.202, 2 d.f., p < 0.001. A 
Games – Howell post-hoc test showed that mean hit rates are significantly lower for audio (0 – back: p 
= 0.023; 1 – back: p = 0.001) and tactile (0 – back: p < 0.001; 1 – back: p < 0.001) DRT when secondary 
tasks are performed compared to the reference measurement. For the tactile DRT, a significant 
difference was also found between the 0 – back and 1 – back secondary tasks (p = 0.001). 
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Figure 2.3: Mean RTs and mean HRs across the two levels of task difficulty of the secondary task and 
the reference measurement for all three types of DRT stimuli. 
Figure 2.4 compares mean response times, mean hit rates and the reference measurement for 
different versions of DRT in relation to different modalities of the n – back task. An ANOVA test showed 
a significant (p < 0.001) difference in mean response times (upper part of Figure 2) for the n – back 
tasks, compared to the reference measurement: Faudio(2,60) = 13.403, p < 0.001; Fvisual(2,67) = 25.145, 
p < 0.001; Ftactile(2,67) = 11.296, p < 0.001. A post – hoc test revealed no significant differences in mean 
response times between different modalities of the n – back tasks.  
A Kruskal – Wallis test revealed significant differences within audio and tactile DRT hit rates for the n 
– back tasks compared to the reference measurement: Haudio = 10.798, 3 d.f., p = 0.013; Hvisual = 3.806, 
3 d.f., p = 0.283; Htactile = 18.450, 3 d.f., p < 0.001. A post – hoc test showed that the mean hit rates 
were significantly lower for the combination of audio DRT and visual – vocal task (p = 0.003) compared 
to the reference measurement, and also for the combination of tactile DRT and all modalities of the n 
– back task (p < 0.001), again compared to the reference measurement. No significant differences were 
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found in the combination of visual DRT and any modality of the n – back tasks compared to the 
reference measurement. 
 
Figure 2.4: Mean RT and mean HRs across each type of secondary task modality and the control 
group (reference) for all types of DRT stimuli. 
A Kruskal – Wallis test revealed significant differences within audio and tactile DRT hit rates for the n 
– back tasks compared to the reference measurement: Haudio = 10.798, 3 d.f., p = 0.013; Hvisual = 3.806, 
3 d.f., p = 0.283; Htactile = 18.450, 3 d.f., p < 0.001. A post – hoc test showed that the mean hit rates 
were significantly lower for the combination of audio DRT and visual – vocal task (p = 0.003) compared 
to the reference measurement, and also for the combination of tactile DRT and all modalities of the n 
– back task (p < 0.001), again compared to the reference measurement. No significant differences were 
found in the combination of visual DRT and any modality of the n – back tasks compared to the 
reference measurement. 
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Figure 2.5 shows mean response times and mean hit rates, respectively for both 0 – back and 1 – back 
tasks, when the n – back task modality and DRT stimuli modality were the same. No significant 
differences (Kruskal – Wallis p < 0.05) in mean response times or mean hit rates were found between 
the 0 – back and the 1 – back tasks for all three versions of DRT and secondary – back task modality. 
 
 
Figure 2.5: Mean RT and mean HR across two levels of difficulty of the secondary task when DRT 
stimuli and secondary task modality are the same. 
Figure 2.6 shows mean performance rate of the n – back tasks for each n – back task modality across 
all versions of DRT. A Kruskal – Wallis test (p < 0.05) showed no significant differences in the 
performance rate among different n – back task modalities. 
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Figure 2.6: Mean n – back task performance rate across each n – back task modality for all types of 
DRT stimuli. 
Figure 2.7, on the other hand, shows the mean performance rate of the n – back task for each level (0 
– back and 1 – back) among all versions of DRT. A Kruskal – Wallis test showed that the performance 
rate of the 1 – back tasks is significantly lower than the performance rate of the 0 – back tasks for all 
versions of DRT (visual: p = 0.031; audio: p = 0.009; tactile: p = 0.002).  
 
Figure 2.7: Mean secondary task performance rate across the two levels of difficulty for all types of 
DRT stimuli. 
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The mean traffic rules violation scores are presented in Figure 2.8. The analysis of the results did not 
show any significant difference (Kruskal – Wallis, p > 0.05) among the versions of DRT, levels of the n 
– back tasks, or modalities of the n – back task. 
 
Figure 2.8: Mean traffic rules violations (speed, using turn signals, running a red light, and causing 
accidents) for all three types of DRT stimuli across two levels of difficulty of the secondary n – back 
task. 
Discussion 
Our results suggest that all versions of the DRT method are sensitive to cognitive load, due to the 
significant difference in mean response times and mean hit rates between the reference measurement 
and driving with secondary tasks. The latter confirms our first research hypothesis – all three versions 
of the DRT method (visual, auditory and tactile) are sensitive to change in cognitive load. However, we 
obtained mixed results on which version of DRT is most sensitive to cognitive load. 
Mean response times of the visual DRT show higher sensitivity for various levels of task difficulty (when 
changing from 0 – back to1 – back) compared to tactile and audio DRT. The latter does not correlate 
completely with the results reported in previous studies (Harms and Patten, 2003; Bruyas et al., 2013; 
Young et al., 2013), where higher sensitivity to changes in the level of difficulty is reported for tactile 
and audio DRT. It should be noted that the visual DRT stimulus presentation used in this study varied 
somewhat from the one currently proposed in the draft ISO standard. This difference in visual DRT 
presentation might have resulted in the response time variable being more sensitive and accurate for 
detecting different levels of cognitive load. Contrary to the mean response time, the mean hit rate of 
visual DRT did not show a significant difference between the easy and hard task compared to the 
reference measurement.  
Although not significant, an increase in mean response times when performing secondary tasks can be 
seen also for auditory and tactile DRT (e.g. the greatest increase of mean response times compared to 
the reference can be observed exactly for auditory DRT). In our opinion, the two levels of difficulty of 
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the secondary tasks did not impose sufficient difference in cognitive load on the auditory and tactile 
attentional resources so as to be precisely detected by the corresponding versions of the DRT method. 
Kircher et al. (2014) used three levels of difficulty in their research (low, medium, and hard) and 
obtained significantly longer response times only for the hard level of difficulty. They conclude that 
because participants try to maximise their performance on the secondary task, differences appear only 
after the task becomes too hard to be completed. The trend of our results indicates that further 
increases in difficulty level (e.g. to 2 – back or 3 – back) may result in a significant difference in mean 
response times for the auditory and tactile DRT as well. The results of the performance rate of the 
audio – vocal and tactile – vocal tasks are in line with the statement that there is a significant decrease 
in the performance rate when the level of difficulty increased. The audio and tactile DRT also show 
significant difference in mean hit rates for both easy and hard tasks compared to the reference 
measurement, confirming that the audio and tactile DRT are sensitive to cognitive load. We also 
investigated the relationship between the modalities of the DRT stimuli and the secondary task, 
especially if the same type of stimuli (e.g. loading the same attention source) has a significant impact 
on the performance of the secondary task, or on the result of the DRT measurement. To our surprise, 
the results did not show any significant difference in mean response times or mean hit rates, 
suggesting that the type of DRT stimuli does not have a strong, or any, interaction with the type of 
secondary task modality. These results do not support our second research hypothesis and stimulate 
further research of this phenomenon.  
The results of the secondary n – back tasks showed the poorest performance rates for the visual – 
vocal secondary tasks, regardless of the version of DRT. This is probably due to the fact that the visual 
channel was overloaded because all three tasks (driving, DRT and n – back task) were visual. 
The results of the driving performance (speed, using turn signals, running a red light, and causing 
accidents) did not show any significant differences. We believe this is due to the fact that drivers were 
specifically instructed at the beginning of the session to primarily focus on the task of driving. Although 
some significant differences among all three versions of the DRT method were established and 
supported by the ANOVA and Kruskal-Wallis statistical tests, we believe the experimental power could 
be increased by involving more test subjects and increasing the number of test trials. 
Conclusion 
In general, we could not find any significant differences among the versions of DRT which would 
indicate that one version of DRT is significantly more sensitive to cognitive load and should preferably 
be used in driving scenarios. The modality of presentation of the secondary task did not significantly 
interact with the type of the DRT stimuli. This conclusion is valid for audio, visual and tactile secondary 
tasks for which feedback is given vocally. Our results also showed that the n – back task is a good 
secondary task for manipulating the level of cognitive load imposed on the driver. It is suggested that 
more than two levels of difficulty of the n-back task should be considered in future work; extending 
the range of demand may reveal differences in response that are not as apparent at lower levels of 
demand. 
The assessment of cognitive workload through the performance of secondary tasks is an indirect 
measurement. This important limitation requires a deeper understanding and careful interpretation 
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of the results. In addition, two types of results are acquired within each measurement (mean response 
time and mean hit rate), while the relation among them is rather unknown. The conflicting results for 
mean response times and mean hit rates in our experiment clearly reflect this problem and indicate 
that all results should be interpreted together and not separately. 
Auditory interfaces have in general shown great potential for in – vehicle interaction and proved to 
cause the least distraction to the driver (Sodnik et al., 2008; Jakus et al., 2015), while operating a 
vehicle and performing various secondary tasks. We would therefore like to put additional focus on 
the auditory DRT method. Our results have already shown high deviation in mean RT with the auditory 
method (Figure 2.4) and have indicated its sensitivity and suitability for the assessment of the cognitive 
workload while driving. We believe particularly the auditory DRT method should therefore be further 
investigated and evaluated. 
 
  
Sensitivity Evaluation of the Visual, Tactile, and Auditory Detection-Response Task Method while 
Driving 






On the Selection of a Stimulus for the Auditory Variant of the Detection Response Task Method for 
Driving Experiments  
Traffic Injury Prevention 
37 
 
3. On the Selection of a Stimulus for the Auditory Variant of the Detection 
Response Task Method for Driving Experiments 
Abstract 
Objectives: The Detection Response Task (DRT) is a method for measuring 
attentional effects of secondary tasks on a driver’s cognitive load by measuring 
response times and hit rates to different types of stimuli as indirect indicators of 
increased cognitive load. ISO 17488 (2016) standard only provides guidelines for 
the technical implementation and measurement methods for the visual and 
tactile versions (use of visual and tactile stimuli) of the DRT method. This paper 
presents a study with the goal of finding the most appropriate auditory stimulus 
for the implementation of an auditory version of the DRT method.  
Methods: This paper presents the results of an experiment in which responses to 
7 different auditory DRT stimuli – varying in frequency – were compared while 
inducing users’ cognitive load with a modified n-back task. The experiment was 
conducted in a surrogate driving environment and in a within-subject design. 
Response times, hit rates and secondary task performances were observed as 
indicators of increased cognitive load.  
Results: Significantly shorter response times were found for the white noise 
signal compared to single-frequency signals. However, the largest differences in 
response times, for trials without and with a cognitive task, were found for 4 kHz 
and 8 kHz single-frequency signals. No significant differences were found for hit 
rates and secondary task performances between the different stimuli.  
Conclusions: Consistent significant differences in response times for all tested 
stimuli prove that the auditory DRT variant is also sensitive to changes in cognitive 
load. The mean increase in response times of more than 25 % for 4 kHz and 8 kHz 
signals for trials with a cognitive task compared to trials without one indicates 
that one of these signals could be used as a potential auditory stimulus for the 
auditory DRT variant. 
Keywords: auditory stimuli; Detection Response Task (DRT); cognitive load; n-
back task 
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The Detection Response Task (DRT) is a method for assessing the attentional effects of secondary tasks 
on a driver’s cognitive load (ISO, 2016). With this method, a driver is instructed to respond to different 
stimuli while driving and performing various secondary tasks (e.g. typical interaction with in-vehicle 
information systems – IVIS). The stimuli can be visual, tactile or auditory, and are presented to the 
driver in random 2- to 5-second time intervals. The driver is asked to respond to the stimuli as soon as 
possible by pressing a button attached to his/her left hand index finger. Response times and hit rates 
are interpreted as indicators of the secondary task attentional effect on a driver’s cognitive load. 
Response times are measured simply as response times to presented stimuli, while hit rates are 
calculated as a percentage of correct responses (occurring from 100 ms to 2,500 ms after introducing 
a stimulus) out of all presented stimuli. 
ISO 17488 standard provides guidelines for the technical implementation for the visual and tactile 
presentation of DRT stimuli only. The described DRT variants can differ in stimulus modality (visual or 
tactile) and/or stimulus location (remote or head-mounted). The standard also includes instructions 
on how to gather and interpret data collected with this method, and provides instructions on how to 
choose among the DRT variants depending on the type of secondary task used in the study. It is 
suggested that all DRT variants are suitable for evaluating the attentional effects on driver’s cognitive 
load caused by audio-vocal tasks (e.g. delayed digit recall task). However, for multi-modal tasks, which 
also require visual attention (e.g. voice-operated IVIS where content is presented visually), the tactile 
DRT should be preferred. In such cases the tactile DRT is the best option since it avoids visual 
sensory/perceptual interference. For tasks that require manual interaction, a motor interference is 
present for all DRT variants as they all use the same response method. 
Most of today's IVIS present information visually and are operated manually. When using the visual 
DRT, regardless of the stimuli location, the same perceptual output channel is used for both DRT stimuli 
and secondary task stimuli. Similarly, when using the tactile DRT in combination with visual-manual 
tasks, the same input modality is used for answering to DRT stimuli and for performing secondary tasks. 
Although the auditory DRT is mentioned in the standard, guidelines on its technical implementation 
are not yet provided. We believe that the auditory DRT variant could expand the usability of the DRT 
method (e.g. it does not interfere with input/output channels of visual-manual secondary tasks). On 
the other hand, it would also be interesting to explore the attentional effects of the auditory DRT 
method on the cognitive load of audio-vocal cognitive tasks.  
Visual remote, tactile and auditory DRT variants have been compared in a single study in order to test 
whether the auditory DRT variant is sensitive to cognitive load in a comparable way to the rest of the 
variants (Stojmenova et al., 2017). Although low-cost equipment was used and the study did not fully 
follow the recommended technical implementation from the ISO standard, it still found significant 
differences indicating that the auditory DRT variant is also sensitive to the attentional affects on 
changes in driver’s cognitive load. This was also shown in the only study mentioned in the standard in 
which an auditory signal was used as a DRT stimulus (Merat, 2006). However, the paper provides very 
limited information on the physical properties of the auditory stimulus since it describes it just as a 
simple “beep” signal. It can be noted that a number of studies have used auditory presentation as part 
of the cognitive task under test, such as a delayed digit recall task (Mehler, 2012) or conversation with 
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another person (Heeman, 2013); however, this is distinct from defining the characteristics of the actual 
DRT task. 
Our goal in this research is to propose the most suitable auditory signal to be used as an Auditory 
Detection Response Task (ADRT) stimulus. Firstly, the selected signal should provide a comparable or 
better sensitivity to attentional effects on driver’s cognitive load than the rest of the DRT variants 
presented in the ISO standard. Secondly, it should sound pleasant and not too annoying, since it is 
going to be played repeatedly through numerous DRT measures. In order to determine such a signal, 
we performed a study in which we manipulated different auditory stimuli properties and observed 
their impact on human listeners. We were primarily interested in the absolute response time to the 
stimulus, differences in the response time (without and with induced cognitive load), and also the 
general pleasantness of the sound. 
Related work  
There are a number of ways in which auditory signals can be described: simple, complex, according to 
frequency, phase, intensity, onset and offset, duration, envelope, etc. The human hearing system is 
only sensitive to stimuli containing frequencies from around 20 Hz to around 20 kHz (the upper limit 
decreases with age), and is most sensitive to frequencies between 2 kHz and 5 kHz (Fastl and Zwicker, 
2006). Fletcher and Munson (1933) first introduced a definition of the term loudness and proposed an 
empirical formula for determining the level of loudness based on the intensity and frequency of the 
signal components. The formula is based on equal loudness curves obtained by comparing loudness 
levels of many sounds (pure tones and complex signals). Their measurements were later repeated by 
many research groups, which led to some modifications in the original curves. The latest revision was 
made in 2003 (ISO). Regardless of the loudness, a local minimum for all of the curves can be seen 
between 2 kHz and 5 kHz, which is also the most sensitive audible range. 
Other prior work in psychoacoustics has also shown a strong relationship between the response time 
and auditory stimuli intensity and frequency. More than a century old researches from Cattell (1886), 
Pieron (1920) and Chocholle (1940) show that the response time decreases with the increase of 
auditory stimuli intensity. In a simple but rather extensive research study, Chocholle (1940) compared 
response times for different intensity levels (from 2 to 100 dB) and frequencies (20, 50, 250, 500, 1000, 
4000, 6000, and 10 000 Hz) of auditory stimuli. His results showed that response times systematically 
decreased with the corresponding increase in signal intensity, while stimuli with equal loudness 
produced equal response times regardless of the stimuli frequency. Based on these results, he 
proposed equal response times contours, which show how response times decrease with increase in 
sound intensity (Figure 3.1). Niessen (1977) found that increased intensity of stimulus speeded up the 
processing course and in that way affected alertness and the time needed to direct attention to a 
stimulus. In a methodological analysis of driver perception-brake times, Green (2000) observes that 
audio signals trigger faster response times compared to visual stimulus due to an innate tendency to 
interpret sounds as warnings. This phenomenon can also be explained with the fact that auditory 
transduction is mechanical, whereas visual transduction requires a relatively slow, biochemical process 
(Green, 2000). 
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Figure 3.1: Chocholle’s equal response times contours. 
Loudness is a subjective measure (phon), and frequencies in the area between 2 kHz and 5 kHz can be 
perceived as louder than other frequencies even when played with the same intensity (dB). Since 
Chocholle concluded that equal loudness signals, regardless of the frequency, resulted in the same 
response times, we played each signal at the same intensity, but not at the same loudness.  
Our research contribution 
While Chocholle (1940) compared only pure (one frequency) tones, our goal was to expand the 
research by investigating also whether the coexistence of multiple frequencies affects the response 
times. We therefore compared: 
 single-frequency signals (pure tones),  
 multi-frequency signals (consisting of a sum of three frequencies), and  
 white noise signals. 
Second, and even more importantly, our goal was to measure the response time increase when a 
human listener is exposed to cognitively demanding secondary tasks and is subject to a significant 
amount of cognitive load. Our research question is which kind of signal is the most appropriate 
stimulus candidate for the auditory variant of the DRT method (i.e. which signal would give the largest 
differences in response times when comparing responses with and without an n-back task). 
Methods 
Experimental design 
Participants performed 12 trials, each including 10 ADRT measurements. In 6 trials participants were 
asked to watch a driving video and respond to ADRT stimuli. In the other 6 trials, they had to watch 
the video and perform two tasks simultaneously: answer to ADRT stimuli and perform an additional 
cognitive task. The cognitive task was an audio-vocal n-back task (Mehler et al., 2012), in which 
participants listened to a series of randomly ordered single digit numbers (0-9) and, beginning with the 
presentation of the third number, were to say out loud the number two places back in the current 
sequence (i.e. a 2-back task). There was a 30-second break after each trial. Experimental order was 
counterbalanced. Half of the participants started with trials without a cognitive task, and the other half 
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started with trials with a cognitive task. The different sound signal presentation order was also changed 
for each participant. Response times, miss rates and secondary cognitive task performance 
(percentage of correctly repeated numbers out of all presented numbers) represented dependent 
variables. Sound stimuli and the level of cognitive load (difficulty) represented independent variables 
in a within-subject experiment design.   
Experimental set-up 
All trials were conducted in a surrogate driving environment. Participants were instructed to watch a 
real-world driving video from a German highway recorded from a driver’s perspective. The video was 
played on a curved 48” Samsung LED TV while the participants sat in a racing car seat with a Fanatec 
steering wheel and pedals attached to the construction (Figure 3.2) to get a more realistic driving 
simulation. We used a surrogate driving set-up instead of simulated driving, to be able to concentrate 
only on the response times and avoid any manual distraction or impose uncontrolled cognitive load. 
The DRT standard in its Appendix E shows that watching a driving video method gives rise to same 
relative results between tasks as driving in a simulator, or driving on a closed road. Some of the 
validation studies (ISO, 2016) as well as a number of experiments performed by the group at Wane 
State (Hsieh et al., 2015) have also used a validated driving video setup as simulated driving 
environment.  A simple Java application played on a Mac Book Pro was developed to generate and play 
auditory DRT stimuli and to record participants’ response times. The participants responded to a 
stimulus by a single click on an Apple Magic Mouse placed on a desk on their right-hand side as if they 
placed their arm on an armrest in a real car.  
 
Figure 3.2: The driving experiment set-up.  
The auditory stimuli were played at 53 dB sound intensity through Sennheiser HDR 180 headphones 
with a 16 bit/44.1 kHz resolution system and good attenuation of ambient noise (-15 dB) in order to 
avoid acoustic delays and reduce nonlinear distortion (Fastl and Zwicker, 2006). The background sound 
of the simulated car engine was played through Samsung LED TV speakers at intensity of 64 dB SPL, 
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with the frequency content ranging from 100 Hz to 400 Hz and with peak frequency at 320 Hz. The 
signal-to-(background) noise ratio was approx. 4 dB. The signal levels and signal to noise ratios were 
measured with a Lutron SL-4012 sound level meter. 
Sound stimuli 
The participants were asked to respond to the following one-second long auditory stimuli: 
 1 kHz pure tone, 
 2 kHz pure tone, 
 4 kHz pure tone, 
 8 kHz pure tone, 
 sum of pure tones (2 kHz + 4 kHz + 8 kHz),   
 sum of pure tones (1 kHz + 2 kHz + 4 kHz), and 
 white noise. 
All signals (pure tones as well as multi-frequency signals) primarily contained frequencies close to the 
most sensitive area of human auditory system between 2 kHz and 5 kHz as seen also by the equal 
loudness curves (ISO, 2003). All sound stimuli were played at same intensity of 53 dB SPL. 
Participants 
35 participants (24 males) aged 20 to 33 (s=3.28) took part in the experiment. None of them reported 
any hearing problem.  
Procedure 
Upon arrival, the participants were informed about the purpose of the experiment and were asked to 
fill in demographic data questionnaires. They were introduced to the 2-back task and the DRT method 
followed by a test trial with both of these tasks. They were instructed to 1) keep their eyes on the road 
showed by the video at all times, 2) try to respond to the ADRT stimuli promptly and 3) perform the n-
back task as accurately as possible. After the experiment they were also asked for a general opinion 
on the tested stimuli in terms of suitability of their loudness and pleasantness.  
12 DRT stimuli and on average 10 n – back numbers were presented in every trial. Each participant 
performed 12 trials. The number of n – back numbers presented varied because DRT stimuli are 
presented in random time intervals; therefore they were dictating the length of each trial and the 
number of n-back numbers presented in the trial. The whole experiment procedure including the 
presentation of the driving environment, introduction and practice of the ADRT and n-back tasks lasted 
approximately 30 minutes. 
Results 
A Shapiro-Wilk normality test showed that the data were not normally distributed, and a Levene’s test 
showed that the data were not homogeneous; we therefore used non-parametric tests to explore the 
data. A Friedman test confirmed statistically significant differences in response times, χ2(1) = 1258, p 
< 0.001 (Figure 3.3). Additionally, post-hoc analysis with Wilcoxon signed-rank tests (with a Bonferroni 
correction) were conducted to find statistically significant differences in response times as well as 
differences in response times due to the presence of cognitive workload. 
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Figure 3.3: Mean response times to different auditory stimuli without and with a 2-back task. 
For pure response times (we used trial results without a cognitive task), significantly shorter response 
times (p < 0.006) were found for white noise compared to all pure tones (except for a 4 kHz tone), but 
no significant differences were found for white noise compared to the multi-frequency signals. Also, 
no significant differences in the response times were found for multi-frequency signals compared to 
pure tones (Figure 3.3, white columns).  
The Friedman test also confirmed a statistically significant increase in the response times for all of the 
observed sound stimuli (p < 0.001) when comparing response times for trials without and with a 
cognitive task for each of the tested stimuli. Figure 3.4 presents these differences for each type of 
sound stimulus (i.e. increase in the response time due to increased cognitive load).   
 
Figure 3.4: Mean difference in response times to different auditory stimuli without and with a 2-back 
task. 
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Significant differences in mean response times were found for the white noise signal (p < 0.023) 
compared to the tone sum 2kHz + 4kHz+ 8 kHz signal, and the 4 kHz and 8 kHz pure tone signals. 
Significant differences were also found for the 4 kHz pure tone signal (p = 0.002) compared to the 2 
kHz pure tone signal, and for the 8 kHz pure tone signal (p < 0.01) compared to the tone sum 1 kHz + 
2 kHz + 4 kHz signal, as well as the1 kHz and 2 kHz pure tone signals.  
Figure 3.5 combines three types of signals (noise, multi-frequency and single frequencies), and 
compares differences in response times. A post-hoc analysis with Wilcoxon signed-rank tests (with a 
Bonferroni correction) did not show any significant differences in mean differences in the response 
time (p > 0.025). 
 
Figure 3.5: Mean difference in response times to different auditory stimuli without and with a 2-back 
task for different types of audio signals. 
The results of hit rates and secondary task performance are not presented graphically because the hit 
rate score was more than 95 % for all trials, and the performance results of the secondary tasks did 
not show any significant differences. 
Discussion 
The results from our study show some statistically significant differences in the response times 
between different types of auditory stimuli. More importantly, they also show statistically significant 
increases in the response time when the drivers were exposed to cognitive load.This indicates that 
audio stimuli could also be used as effective DRT stimuli for revealing changes in the attentional effects 
of cognitive load.  
The use of white noise as a stimulus resulted in significantly faster response times in more or less all 
conditions. Although not statistically significant, multi-frequency signals resulted in nominally faster 
response times than single-frequency signals. These findings are in line with the results reported by 
Chocholle (1940) and indicate that the absolute response time to multi-frequency signals is generally 
shorter than the response time to single frequencies. However, this fact was statistically confirmed for 
white noise but not for the multi-frequency sounds consisting of only 3 frequencies. It would therefore 
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be interesting to perform further response time measurements by adding more frequency 
components into the audio stimulus, and find a threshold when the difference in response times 
between multi-frequency and single-frequency becomes significant.  
The second and more important focus of this research was to identify sound stimuli that result in the 
largest difference in response times when comparing trials without and with the presence of cognitive 
load. Interestingly, the results for the white noise signal showed the smallest differences (Figure 3.4). 
Smaller differences indicate lower sensitivity to changes in cognitive load, which makes white noise a 
less efficient DRT stimulus. Additionally, all participants reported white noise stimuli as very unpleasant 
to listen to for a longer period of time and often masked with environmental sounds in the simulator 
(engine sound, surrounding traffic, etc.). 
As shown in Figure 3.4, the differences in response times seem to be largest for single-frequency 
signals (4 kHz and 8 kHz); i.e., significantly larger than for white noise and multi-frequency signals. The 
difference for these single-frequency signals is more than 25 % when comparing the response times of 
trials without and with a cognitive task. This indicates that these signals should preferably be used as 
potential auditory stimuli for the auditory DRT. However, we prefer the 4 kHz signal among the single-
frequency signals due to the fact that the upper frequency limit of hearing decreases with age so the 
8 kHz signal could be more difficult to perceive for older drivers.  
Since loudness affects audio stimuli response times, the 25 % difference may be increased by 
presenting the stimuli louder, but only up to the point that does not mask the surrounding noises from 
the driving environment or becomes unpleasant for the driver. In our future work we plan to test the 
4 kHz sound stimuli also with visual-manual tasks and observe the sensitivity of the auditory DRT for 
these kinds of tasks. We are also going to perform an additional study to compare the results of the 
auditory and the tactile DRT variant for both types of tasks. 
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4. Validation of the Auditory Detection-Response Task Method for Assessing the 
Attentional Effects of Cognitive Load 
Abstract 
Objectives: There are three standardized versions of the Detection-response task 
(DRT), two using visual stimuli (remote DRT and head-mounted DRT) and one 
using tactile stimuli. In this paper, we present a study, which proposes and 
validates a type of auditory signal to be used as DRT stimulus and evaluate the 
proposed auditory version of this method by comparing it with the standardized 
visual and tactile version.  
Methods: This was a within-subject design study with 24 participants performed 
in a driving simulator. Each participant performed eight 2-minute-long driving 
sessions   in which they had to perform three different tasks: driving, answering 
to DRT stimuli and performing a cognitive task (n-back task). Presence of 
additional cognitive load and type of DRT stimuli were defined as independent 
variables. DRT response times and hit rates, n-back task performance, and pupil 
size were observed as dependent variables.  
Results: Significant changes in pupil size for trials with a cognitive task compared 
to trials without showed that cognitive load was induced properly. Each DRT 
version showed significant increase in response times and decrease in hit rates 
for trials with a secondary cognitive task compared to trials without. Similar and 
significantly better results in differences in response times and hit rates were 
obtained for the auditory and tactile version compared to the visual version. 
There were not any significant differences in performance rate between the trials 
without DRT stimuli compared to trials with, and among the trials with different 
DRT stimuli modalities.  
Conclusions: The results from this study show that the auditory DRT version, 
using the signal implementation suggested in this paper, is sensitive to the effects 
of cognitive load on driver’s attention, and is significantly better than the remote 
visual and tactile version, for auditory-vocal cognitive (n-back) secondary tasks. 
Keywords: Detection Response Task (DRT); Auditory DRT (ADRT); auditory 
stimuli; cognitive load; attentional resources; n-back task; response times; pupil 
dilation.  
Introduction 
Cognitive load in general is usually assessed with self-assessment questionnaires or by observing 
different psychophysiological parameters. Paas et al. (2003) defined cognitive load as a 
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multidimensional construct representing the load that performing a particular task imposes on the 
person’s cognitive system. Assessing driver’s cognitive load is affected also by the nature of the driving 
environment, which can differ significantly compared to the controlled and noise-free conditions of a 
laboratory. Although questionnaires and psychophysiological parameter can be used also for driver, 
alternative methods have also been developed, to address the problem of increased cognitive load 
and its effects in a more driving related way. One such example it the Detection-Response Task (DRT), 
which uses the performance of a secondary task as an indicator of increased cognitive load and its 
effect on drivers attention. Secondary task is defined as a non-driving activity (e.g. changing the radio 
station, setting the air conditioning, using a mobile phone or entering information to a navigation 
device) (ISO, 2016). With this method, the driver is exposed to different type of stimuli and asked to 
respond to it, by pressing a button attached on his/her index finger. The stimuli can be visual, tactile 
or auditory, and are chosen depending on the secondary task modality (visual-manual or auditory-
vocal). They can be interpreted as simulations of visual (e.g. traffic light), tactile (e.g. lane deviation 
warning signal with seat vibrations) or auditory information (e.g. ambulance siren) that the driver can 
encounter while driving, and are important for safe and successful driving performance. The method 
suggests that increased cognitive load would reduce driver’s attention to other visual, tactile or 
auditory presented information, and is used to explore these effects. Load theory of attention suggests 
that when a person experiences high perceptional load, which oversees the capacity of processing the 
presented information, selective attention can be used in order to exclude perception of irrelevant 
information (Lavie, 1995). However, under high cognitive load the opposite occurs, and the person 
starts perceiving and processing irrelevant information which can result in reduced processing of the 
primary task or more relevant processes (Lavie et al., 2004). This can be especially dangerous while 
driving, further revealing the need of assessment of driver’s cognitive load and its effect of attention. 
Strayer et al. (2014, 2015, 2016) extensive research on cognitive distraction in the automobile shows 
that diversion of attention from the task of operating a motor vehicle and the impairments to driving 
are directly related to the cognitive workload of in-vehicle activities.  
DRT was standardized in 2016 defining the selection of the visual and tactile stimuli variants as well as 
the exact placement of the stimuli in reference to the driver ISO 17488 ( 2016). The standard offers 
also recommendations on results interpretation and secondary task selection. The visual version uses 
red light as visual stimuli and has two possible placing implementations – remote, on the left bottom 
side of the windshield (RDRT), and head-mounted, placed in front of the driver’s left eye (HDRT). The 
tactile version (TDRT) uses a small vibrating tactor (vibrator) for stimuli presentation, and is placed on 
the driver’s left shoulder collar bone. The standard does mention the possibility of using also auditory 
stimuli (ADRT) but does not provide any information on implementation of this type of DRT. Studies 
that have used ADRT as a measure of the effect of cognitive load on driver’s attention, used different 
sound signals (Merat et al., 2007; Merat and Jameson, 2008; Stojmenova et al., 2017). However, 
research from, among others, Cattel (1886), Pieron (1920), Chocholle (1940), and Nissen (1977) shows 
that there is a strong relationship between response time, and auditory stimuli intensity and 
frequency.  Since response time is one of the two dependant variables used in DRT, it is important to 
choose an appropriate sound signal to be used as DRT stimulus. We tried to identify a potential 
auditory stimulus in a study prior to this one (Stojmenova et al., 2018a), by taking into consideration 
the above mentioned relationships. We believe the auditory version would further increase the 
usability of DRT and could contribute to even wider use of this method. For example, driving is primarily 
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a visual task, which causes perception channels to overlap whenever using the visual DRT stimuli, 
regardless of the RDRT or HDRT placement.  There is an overlap also when using TDRT as drivers use 
the same biomechanical channel to perceive and to answer to tactile stimuli.  Use of an alternative 
perception channel such as hearing could be used to avoid such overlap. This has inspired us to explore 
the ADRT version, select an appropriate signal, and propose implementation of the identified auditory 
stimulus, which can be used as an alternative to the visual and tactile DRT version. In this paper, we 
present a study in which we would like to validate the use of the identified auditory stimulus, by 
comparing it with the standardised visual and tactile versions. 
Related work 
Prior to being standardized as the Detection-response task, this method has been used in various set-
ups for the past 30 years always requiring a response to the stimulus. The most common one is the 
peripheral DRT (similar to the RDRT), where visual stimuli are placed in the peripheral visual filed of 
the driver (Muira, 1986; Van Winsum et al., 1999; Angell et al., 2006; Merat et al., 2007; Ranney et al., 
2011). Visual stimuli were presented in the peripheral field of view either in a fixed set-up (Angell et 
al., 2006) or at more possible positions. For example, one of 23 available light sources would light up 
(Van Winsum et al., 1999), or visual stimulus would change position throughout the experiment, from 
left to right (Merat et al., 2007) or in a randomly chosen direction (Merat et al., 2007). The response 
to these various types of stimuli is provided vocally by saying out loud whenever the stimuli is 
perceived (Muira, 1986; Muira 1987), by tapping on the brake pedal (Angell et al., 2002) or by pressing 
a button attached to the driver’s index finger (Ranney et al., 2011; ISO, 2016). The Detection-response 
task method and its RDRT, HDRT and TDRT versions, as described in the Introduction, were 
simultaneously evaluated by an ISO group in 8 different sites in 2012 (Bengler et al.) and 2013 (Bruyas 
et al., Engstrom et al.; Harbluk et al.; Siam et al.), and was standardized in 2016 (ISO). The auditory 
version is mentioned in studies by Merat et al. (2007), Merat and Jameson (2008) and Stojmenova et 
al. (2017), however they all use different sound signals (beeps, broadband noise and modulated 
harmonic signals), which does not enable direct comparison of this DRT version.  Stojmenova et al. 
(2018a) performed a study in which they explored possible auditory signals that could be used as DRT 
stimuli. Their results identified 1-second-long pure tones of 4 kHz and 8 kHz as most promising sound 
stimuli, but suggest use of 4 kHz signal due to the fact that the upper frequency limit of hearing 
decreases with age so the 8 kHz signal could be more difficult to perceive for older drivers. 
Nevertheless, their study focused solely on comparison of different auditory signals and did not 
compare the results directly to visual or tactile DRT version. With this study, we wanted to compare all 
three versions of DRT (RDRT, TDRT and ADRT) by following the DRT standard instructions for the 
implementation of RDRT and TDRT, and following the results of Stojmenova et al. (2018a) for the 
selection of the auditory stimuli for ADRT. All three versions of the DRT were compared in the same 
testing environment and in the same driving conditions. 
Methods 
Participants  
24 participants (12 female) aged between 22 and 48 (M=30.42, SD=6.94), with valid driving license and 
at least 3 years of driving experience participated in this study. The participants were recruited from 
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the community and from the University (students, academic stuff and stuff from the professional 
support departments). Each participant received a paper guide on how to act in case of a traffic 
accident (Triglav, 2017), and a practical gift). 
Stimuli 
The Detection-response task stimuli and responses were generated and recorded with an Arduino 
Mega (Arduino, Italy) using an open-source code from Krause et al. (2014). Following the DRT ISO 
standard (ISO, 2016), RDRT set-up was used, placing a 5 mm red LED in the left bottom corner of the 
center simulator screen, left from the speedometer and tachometer on the dashboard. The TDRT 
stimuli were played with a small tactor (vibrator) placed on the left shoulder collar bone with vibration 
amplitude of 0.8 G. The ADRT set-up was implemented based on the study results from Stojmenova et 
al (2018a). A 1-second-long 4000 Hz pure tune was used as a stimulus, played at 65 dB SPL through 
Speedlink head phones (Speedlink, Germany) in order to reduce nonlinear distortion (Fastl and 
Zwicker, 2006).  
In all three set-ups, participants answered to stimuli by pressing a button against the steering wheel 
attached to their right hand index finger. Changes in cognitive load introduced with a secondary task 
were additionally monitored by capturing pupil dilatation, as it has been shown that pupillary dilations 
indicate cognitive effort (Hess and Polt, 1964; (Kahneman and Beatty, 1966). Wireless Tobii Pro glasses 
(Tobii Technology, Sweden) were used for detection of participants’ pupil diameter. 
Tasks 
There were three tasks in the study: driving, answering to DRT stimuli and performing an n-back task. 
Driving was participants’ primary task and they were strictly instructed that safe driving and 
compliance with the speed limitations should be their priority. Answering to DRT stimuli and the n-
back task were introduced as secondary tasks with the same level of priority. Participants were 
instructed to try to answer to DRT stimuli and n-back stimuli as promptly and accurately as possible.  
The study was conducted in NERVteh driving simulator (NERVteh, Slovenia). Participants performed a 
highway scenario with low intensity traffic which did not force them to overtake other vehicles at any 
time – they were asked to stay at the same lane at all times (Figure 4.1). They were instructed to drive 
a vehicle with an automatic gear mode at a constant speed of 130 km/h. The experiment took place in 
Slovenia, and all of the participants were Slovene, therefore the road scenario simulated a Slovenian 
highway, where the speed limit is 130 km/h. The vehicle sounds were played at 75 dB to simulate an 
average small family car on the highway at 130 km/h.  
The n-back task was a delayed digit task where participants are presented with single digit numbers 5-
seconds apart, and are asked (when presented with a new number) to repeat them following specific 
rules (Mehler, 2012). Mehler et al., suggest that the n-back task can be considered as a simulation of 
a hands free operated phone call or use of an audio based IVIS. This is possible because many of the 
cognitive resources used for performing the n-back task are similar to the auditory attention and 
memory components of an externally paced task. In our study, we performed the 2-back level of 
difficulty, where participants had to repeat the number heard second-to-last. To help the experimenter 
with the n-back task, we developed a simple app for generating numbers and recording driver’s 
responses. 
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Figure 4.1: Experiment set-up and used equipment. 
Participants were able to practice each task separately before the experiment as a novel and 
unexpected stimuli can require higher processing effort compared to familiar stimuli (Kahneman, 
1973). 
Variables 
Level of cognitive load and type of DRT stimuli were selected as independent variables in the 
experiment. Participants drove without or with a cognitive task (additional load) and answered to three 
types of DRT stimuli: visual, tactile and auditory.  
DRT response times and hit rates, n-back task performance rate, and participant’s pupil size were 
observed as dependent variables. DRT response time is the time from stimulus on-set until the 
participant presses the button on his/her finger. DRT hit rate is calculated as the percent of correctly 
detected stimuli (between 100 and 2500 ms) out of all presented stimuli. N-back task performance 
rate is the percent of correctly repeated numbers out of all presented numbers. Changes in the pupil 
diameter size were recorded to additionally assess changes in cognitive load. 
Experiment Design and Procedure 
The experiment started with participants being presented with a consent form explaining the purpose 
of the experiment and questionnaire for collection of basic demographic data. Upon signing the 
consent form, participants were explained each one of the tasks and practiced each one of them, first 
separately and then all together. Participants were explicitly told that the intention of this study was 
not to test their skills but rather how different tasks might affect driving performance. This study had 
a within-subject design; each participant performed the following eight 2-minute-long trials in a 
counterbalanced order: 
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- D (driving), 
- D + 2-back, 
- D + RDRT, 
- D + TDRT, 
- D + ADRT, 
- D + RDRT + 2-back, 
- D + TDRT + 2-back, 
- D + ADRT + 2-back; 
Results 
Pupil diameter 
Although we recorded data for both eyes, we report data only for the left eye as the results are very 
similar. Levene’s test showed homogeneity of variances for average values of both the left pupil 
diameters, F(7, 183)=0.390, p=0.907, and the right pupil diameters, F(7, 182)=0.257, p=0.969. Shapiro-
Wilk test showed that data were normally distributed for all trials (p>0.05).  
 
Figure 4.2: Mean pupil diameters for the left eye throughout all trials. 
The non-parametric Friedman test showed there were significant differences between trials without 
and with a cognitive task, χ2(7) = 55.017, p<0.001 (Figure 4.2). Post hoc pair-wise comparisons 
(Wilcoxon Signed Ranks tests with Bonferroni correction) showed that pupil diameters were 
significantly larger for trials with the n-back cognitive task compared to trials without the n-back 
cognitive task, p<0.001. 
DRT response times 
Levene’s test showed heterogenic variances for DRT response times, for trials where participants had 
to drive and answer to DRT stimuli F(2,2062)=26.682, p<0.001 and for trials where they had to drive, 
answer to DRT stimuli and perform n-back task F(2, 1840)=5.797, p=0.003. Shapiro-Wilk test showed 
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that the data is not normally distributed, p<0.001. Because of these and the within-subject design of 
the experiment, we used Friedman non-parametric test for further analysis. The non-parametric 
statistical test showed there was a statistically significant difference in response times to DRT stimuli 
between trials without and with the n-back task, χ2(5) = 568.383, p<0.001. Post hoc Wilcoxon Signed 
rank test with Bonferroni correction (p=0.016) showed that for trials where drivers only drove and 
respond to DRT stimuli (baseline responses) response times to visual stimuli MRDRT=414.28 ms were 
significantly longer compared to response times to tactile MTDRT=380.80 ms and auditory stimuli 
MADRT=328.09 ms, p<0.000 (Figure 4.3). The same post hoc test showed also that response times to 
tactile stimuli (TDRT) were significantly longer than response times to auditory stimuli (Figure 4.3).  
 
Figure 4.3: Baseline response times to different types of DRT stimuli (without a cognitive task). 
 
 
Post hoc Wilcoxon Signed rank test with Bonferroni correction (p=0.0083) showed that response times 
to each type of stimuli (visual, tactile and auditory) for trials with the n-back task were significantly 
longer than response times in the trials where the participant only drove and answered to DRT stimuli, 
p<0.001 (Figure 4.4). 
Bigger difference in response times between trials without and trials with a cognitive task indicates 
higher level of cognitive load. However, since the amount of cognitive load was the same across all 
trials with a cognitive task, differences in response times directly indicate sensitivity of each method 
to changes in cognitive load. 
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Figure 4.4: Response times to different types of DRT stimuli for trials without and with the n-back 
cognitive task. 
For trials with the cognitive n-back task, mean response times increased for MRDRT=180.95 ms (29.68 
%), MTDRT=213,32 ms (40.92 %), and MADRT= 285.04 ms (46.24 %) compared to trials without the task 
(Figure 4.5). Post hoc Wilcoxon Signed rank test with Bonferroni correction (p=0.016) showed that the 
ADRT version had bigger differences in response times compared to RDRT (p<0.001) and TDRT 
(p=0.014). 
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Figure 4.5: Difference in response times to different types of DRT stimuli for compared trials without 
and with the n-back cognitive task. 
DRT hit rates 
Levene's test for homogeneity showed that heterogenic variances for trials without the n-back task 
F(2,69)= 7.280, p=0.001, and homogeneous variances for hit rates with the n-back task F(2,69)=0.633, 
p=0.534. Shapiro-Wilk test showed that the data is not normally distributed, p<0.001. The non-
parametric Friedman test showed there was a statistically significant difference in response times to 
DRT stimuli between trials without and with the cognitive n-back task, χ2(5) = 33,709, p<0.001. Post 
hoc Wilcoxon Signed Ranks Test with Bonferonni correction showed that the hit rates for trials without 
the cognitive task were significantly higher (MRDRT=98.10%, MTDRT=98.29%, MADRT=99.57%) than hit 
rates for trials with the n-back task for visual stimuli MRDRT=90.96 % (p=0.005), tactile stimuli MTDRT= 
86.57 % (p=0.004) and auditory stimuli MADRT=86.42 % (p<0.001) (Figure 4.6). 
Although hit rates for trials with the n-back task decreased by 7.14 % for RDRT, 11.72 % for TDRT and 
13.15 % for ADRT compared to trials without the n-back task, post hoc Wilcoxon Signed rank test with 
Bonferroni correction (p=0.016) did not show significant differences between the differences in hit 
rates for trials without and with the cognitive task (p>0.263). 
 
 
Figure 4.6: Mean hit rates across all trials without and with a cognitive task. 
N-back task performance rate 
The n-back task performance rate was M=92.36% for trials with only driving and the n-back task, and 
MRDRT=92.8%, MTDRT=88.41% and MADRT=87.44% for trials with driving, answering to DRT stimuli and the 
n-back task. Nevertheless, the non-parametric Friedman test showed that there were no significant 
differences between the n-back task performance rates χ2(3) = 4.984, p = 0.173. 
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The results from the pupil sizes, for both left and right, show that the pupil diameter increased 
statistically significantly for each trial with the additional cognitive task, compared to trials with the 
same conditions without the task, confirming cognitive load was properly induced.  
The results for the reference DRT response times, where participants had to only drive and answer to 
DRT stimuli showed that drivers answered fastest to auditory stimuli. The DRT method is a method for 
assessing the effects of cognitive load on the driver’s attention, and response times are influenced by 
the attention; considering the results,  we can speculate that auditory stimuli alerts drivers’ attention 
faster than tactile and visual stimuli.  In order to evaluate the effect of cognitive load on the driver’s 
attention, changes in the response times and hit rates for trials with different levels of cognitive load 
are compared. The results show that all three methods showed significant increase in response times, 
and significant decrease in hit rates for all three types of stimuli, indicating that all three versions of 
the DRT method detected the change in cognitive load. In order to validate the sensitivity of the 
auditory version, we had to compare the differences in response times and hit rates experienced for 
trials without and with a cognitive task for auditory stimuli compared to response times and hit rates 
to visual and tactile stimuli. If looking at the absolute differences in average response times to DRT 
stimuli for trials without and with a cognitive task, the auditory stimuli show significant higher 
differences than visual and tactile stimuli (mean differences of 29.68 % for RDRT, 40.92 % for TDRT, 
and 46.24 % for ADRT), suggesting that this version is most sensitive to the impact of pure cognitive 
auditory-vocal tasks on driver’s attention. Although not significant, the results for hit rates show a 
similar pattern, as they decreased for mean value of 7.14 % for RDRT, 11.72 % for TDRT and 13.15 % 
for ADRT compared to trials without the n-back task.  
The results on the n-back task performance did not show any significant differences between the trials 
without DRT stimuli and trials with DRT stimuli. Similarly, there were no significant differences among 
the trials with different types of stimuli modality. The latter indicates that the participants put the 
similar amount of effort to complete the n-back task among all of the trials with the task. This is an 
important information, because DRT and n-back task are as secondary tasks performed with same 
priority, and for the evaluation of the auditory version compared to the visual and tactile, it is 
important that participants performed the n-back with the same priority throughout all of the DRT 
modalities. These results show that the auditory version can be used for assessing the effect of 
cognitive load on driver’s attention for pure cognitive auditory-vocal secondary tasks. Based on these 
and results from Stojmenova et al. (2018a), we recommend the following auditory signal specifications 
to be used for presentation of auditory DRT stimuli: 
 Duration: 1 second;  
 Frequency: 4 kHz pure tone; 
 Intensity: 60 dB SPL; 
 Medium: head phones with a 16 bit/44.1 kHz resolution system and attenuation 
of ambient noise (−15 dB) in order to avoid acoustic delays and reduce nonlinear 
distortion. 
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5. Detection-Response Task – Uses and limitations 
Abstract 
The Detection-Response Task is a method for assessing the attentional effects of 
cognitive load in a driving environment. Drivers are presented with a sensory 
stimulus every 3-5 seconds, and are asked to respond to it by pressing a button 
attached to their finger. Response times and hit rates are interpreted as 
indicators of the attentional effect of cognitive load. The stimuli can be visual, 
tactile and auditory, and are chosen based on the type of in-vehicle system or 
device that is being evaluated. Its biggest disadvantage is that the method itself 
also affects driver’s performance and secondary task completion times. 
Nevertheless, this is an easy to use and implement method, which allows relevant 
assessment and evaluation of in-vehicle systems. By following the 
recommendations and taking into account its limitations, researchers can get 
reliable and valuable results on the attentional effects of cognitive load of drivers. 
Keywords: Detection-response task; cognitive distraction; driving; cognitive load; 
sensors; attentional resources 
  






Distracted driving is one of the major causes of road accidents. The National Highway Traffic Safety 
Administration (NHTSA) reported that almost 400 thousand people were injured in motor vehicle 
crashes due to distracted driving only in 2015 in the United States (NHTSA, 2015). Due to its complexity 
as a psychological construct, driver distraction does not have one uniform definition and explanation. 
One of many definitions (Young et al., 2007; Regan et al., 2011) of driver distraction states that “driver 
distraction is the diversion of attention away from activities critical for safe driving toward a competing 
activity” (Lee et al., 2008). With regard to attention, which James defined as “as concentration on a 
specific source of information” (James, 1890), Recarte and Nunes suggest that driver distraction can 
be exogenous or endogenous (Ricarte and Nunes, 2003). Exogenous distraction is produced by external 
objects or events irrelevant to driving, whereas endogenous is produced by the driver’s cognitive 
activity unrelated to the task of driving (lost in thought or solving problems non-related to the ongoing 
task of driving). Visual (eyes off the road) and manual (hands off the steering wheel) distractions are 
examples of exogenous distraction. Visual distraction has been tackled by changing the way or 
placement of information presentation, for example head-up displays instead of classic head-down 
displays. Manual distraction can occur as a result of operating a mobile device or an in-vehicle 
information system (IVIS). A review on the trends in fatalities from distracted driving, reported by 
authorities in the United States, showed that there was a rise of 28 % in fatalities due to texting and 
use of mobile devices in 2008 compared to 2005 in the US (Wilson and Stimpson, 2010). These and 
similar reports explain the call for prohibition of cell phone use in many countries around the world. 
While visual and tactile distraction is due to sensory information perception and communication, 
driver cognitive distraction occurs as a result of the processing of driving non-related information. 
Cognitive distraction occurs as a result of increased cognitive load unrelated to the task of driving. 
Cognitive load can be defined as a multidimensional construct representing the load that performing 
a particular task imposes on the learner’s cognitive system (Paas et al., 2003). In the ISO standard on 
the Detection-Response Task relating to driving, cognitive load is described as demand for higher level 
cognitive operations such as planning, decision making, error detection, sustaining information in the 
short-term (working) memory, and overcoming habitual actions (ISO, 2016). All these operations can 
occur due to the processing of information when performing visual-manual tasks, conversing using a 
hands-free device, or by simply thinking of tasks irrelevant to operating the vehicle, and as such 
represents a great challenge to the research community. Although one may not be able to persuade 
drivers to stop thinking about work while driving, interface designers can increase IVIS or mobile device 
usability by presenting information in a way that it is less cognitively demanding. Nevertheless, this 
should be done with care so that increase in IVIS usability does not have a counter effect: drivers get 
further intrigued and encouraged to use these systems due to a better user experience resulting in an 
even higher cognitive distraction. 
This reveals the need for assessing driver’s cognitive load and its impact on the driver’s mental state. 
It is also important to evaluate the amount of cognitive load imposed by different types of IVISs, which 
could result in cognitive distraction. This information can then be used already in the early stages of 
interface design in order to test and evaluate IVIS for cognitive distraction, with the purpose of 
achieving less cognitively demanding information exchange between the driver and the IVIS. 
Furthermore, attention and motor resources different than the ones needed for successfully operating 
the vehicle could be used. In addition, smart systems that can gain situational awareness of the driving 




environment and driver’s mental state could also be introduced. They could warn the driver in case of 
cognitive (or any other) distraction or turn on drive assist systems, such as lane and park assist or 
autonomous cruise control.  
This paper offers a review of the Detection-Response Task (DRT) – a method for the assessment of the 
effects of cognitive load on driver’s attention based on a secondary task performance, where the 
secondary task is defined as a task that is not related to the performance of the primary task of driving 
(ISO, 2016). We present its origins, areas of use and limitations, and also list a number of alternatives 
that can be used for the assessment of driver’s cognitive load. 
Detection-Response Task 
The Detection-Response Task is a method that evaluates the performance of a secondary task to 
observe the attentional effects of cognitive load. The method suggests that increased cognitive load 
would reduce driver’s attention to other visual, tactile or auditory information, and thus result into the 
driver missing and not answering the presented DRT stimuli. Drivers are presented with a sensory 
stimulus every 3-5 seconds, and are asked to respond to it by pressing a button attached to their finger. 
Response times and hit rates are interpreted as indicators of the attentional effect of cognitive load. 
Response times are measured as the time from stimuli onset until the time the driver responds to it, 
and hit rates are calculated as the ratio of correctly answered stimuli (from 100 ms to 2500 ms) out of 
all presented stimuli. It is therefore important to choose the right stimuli modality and stimuli 
placement so that they are always detected, and not masked by the environment or missed due to 
driving related tasks. In order to assess the imposed load of a specific secondary task, a DRT 
measurement is performed independently without this task and simultaneously with the task. Larger 
differences in response times between the two conditions and lower hit rate ratios indicate higher 
cognitive distraction (load imposed by the task). 
Factors influencing the response time 
The stimuli can be visual, tactile or auditory, depending on the secondary tasks (systems) that are 
evaluated, and the environment in which the study is conducted. In order to achieve higher sensitivity 
of the method (to detect also smaller changes in cognitive load), it is convenient to find a signal that 
would evoke fast response times without an additional task and, on the other hand, evoke significantly 
longer response times when exposed to increased cognitive load. In Annex E, Summary of results from 
the ISO coordinated studies (ISO, 2016), and a study performed by Stojmenova and Sodnik (2018b) for 
trials performed without any additional secondary tasks, it was shown that auditory stimuli evoke the 
fastest response times compared to tactile and visual stimuli, and tactile stimuli evoke a faster 
response than visual stimuli (Figure 4.3). 
This is somewhat expected as (all being equal) response to light has a longer latency compared to 
sound or touch (Woodworth, 1963). This is due to the fact that sound signals reach the brain in 8-10 
ms (Kemp, 1973), while light signals require from 20 to 40 ms (Marshall, 1943). Respectively, response 
times for touch are somewhat in-between at 155 ms (Robinson, 1934), for tasks where answering 
stimuli is the primary and only task.  





Furthermore, Chocholle explored how stimuli intensity affected response times. He revealed that for 
pure tones the response time decreases with increased signal intensity (Chocholle, 1940), but only 
until approx. 100 dB. The response time at 100 dB is approx. 109 ms (Koffeld, 1981), which is defined 
as the irreducible minimum by Chocholle, and above this limit, the sound intensity does not have any 
effect on response times. Additionally, Niessen showed that increased intensity also affects alertness 
and decreases the time needed to direct attention to a stimulus (Nissen, 1977).  
This shows that special precaution should be taken when comparing different studies using the DRT. 
The method’s sensitivity can be manipulated by increasing the stimuli intensity in order to reduce the 
basic response time (trials without a task), and hence increase the difference in response times 
compared to trials with a task (Stojmenova et al., 2018b), for example in environments with a bad 
signal-to-noise ratio. Preferably the same stimuli modality and intensity should be used when 
comparing different IVISs or relationships between different types of in-vehicle interaction and 
cognitive load in order to achieve reliable cross-cite studies and analysis. 
DRT versions and types of stimuli 
The versions using visual and tactile stimuli were standardised by ISO in 2016 (ISO, 2016). The standard 
gives guidelines for two possible placements of visual stimuli, head-mounted (HDRT) and a remote 
(RDRT). The latter version can sometimes be referred to as the Peripheral Detection Task (PDT), which 
is actually the method DRT was developed from (Van Winsum et al., 1999; Martens and Van Winsum, 
2000; Olsson and Burns, 2000). In the standardised DRT version, visual stimuli can be placed in the 
driver’s peripheral field of view, usually on the left bottom side of the windshield or on the top right 
side of the dashboard. The standard proposes the use of a single red light source presented with a LED. 
In case of a driving simulator environment, a graphical object is displayed at a fixed location on the 
visual display (ISO, 2016).  
The PDT method, on the other hand, is used primarily for assessing driver’s visual distraction during 
driving (Olsson and Burns, 2000). It therefore provides more alternatives for the placement of the 
stimuli. It can be placed in the peripheral field of view, in the form of a fixed set-up or interchangeably 
– the location of the source of light would change for each next stimulus (Merat at al., 2006). For 
example, one (randomly chosen) out of 23 available light sources would light up (Figure 5.1) (Olsson 
and Burns, 2000), a stimulus would change position throughout the experiment from left to right or in 
a randomly chosen direction (Martens and Van Winsum, 2000). 





Figure 5.1: Peripheral Detection Task set-up (Olsson and Burns, 2000). 
It is important to note that the PDT does not measure the size (width) of the functional field of view 
(visual tunnelling) (Merat et al., 2006), and should be used exclusively for assessing the effects of visual 
distraction and, consequently, cognitive load. Its main disadvantage and limitation is the use of a visual 
stimulus placed in the driver’s peripheral field of view. Regardless of the position of the stimulus, 
drivers can overlook and miss it while turning their head, looking at the rear mirrors or due to any 
other visually demanding driving tasks, and not because of increased cognitive load.  
The other standardised visual version, HDRT, solves this problem by head-mounting the stimuli source 
so that it always stays in the field of view, regardless of the driver’s head position. With this version, 
the visual stimuli are presented in front of the driver’s left eye staying visible at all times (Figure 5.2). 
It is important to note that the DRT method is used to evaluate the effect of cognitive load on driver’s 
attention and resource allocation imposed by the performance of secondary tasks. The latter mainly 
represent the use of IVISs or other types of driver-vehicle interaction. At the moment, the majority of 
IVISs in vehicles display (output) information visually and are operated (input) manually (visual-manual 
systems). Human attention is limited and a visual perception channel can only perceive a limited 
amount of information at a time (James, 1890). The perception of visual DRT stimuli, reading 
information on the IVIS display and paying attention to the driving environment, which requires a 
significant amount of visual attention, can therefore be overwhelming. Consequently, the use of the 
visual DRT in such circumstances can be inappropriate and can cause sensory overload. 






Figure 5.2: Head-mounted Detection-Response Task (HDRT) set-up (Ranney et al., 2011). 
In order to avoid sensory overload, tactile or auditory stimuli can be used instead. For example, the 
TDRT uses vibration as stimuli, produced with a small 10 mm vibrating tactor with a maximum speed 
of 12 000 rpm and vibration amplitude 0.8 G (ISO, 2016). It is placed on the driver's left shoulder collar 
bone for left-side operated vehicles, and on the right for vehicles with the steering wheel on the right 
side (Figure 5.3). Like with a visual DRT, the driver’s task is to respond to the stimuli as soon as 
perceived by manually pressing a button. Although this version avoids the overlap in the perception 
channel (i.e. visual stimulus and visual-manual IVIS interaction), an overlap in the output channel still 
occurs as the driver uses the same biomechanical channel of touch to perceive tactile stimuli and to 
answer them by manually pressing a button. 
 
Figure 5.3: Tactile Detection-Response Task (TDRT) set-up (Čegovnik et al., 2018). 
Due to this reason Stojmenova et al. proposed an auditory version of the DRT (ADRT) using an auditory 
signal as a stimulus. In this case, there is no overlap with the visual or biomechanical channel 




(Stojmenova et al., 2018a). Beforehand, the ADRT was also mentioned in studies by Merat et al. (2007), 
Merat and Jameson (2008) and Stojmenova et al. (2017). However, they all use different sound signals 
(beeps, broadband noise and modulated harmonic signals), which makes the direct comparison of the 
proposed methods almost impossible. The DRT standard also does not provide any guidelines for the 
selection or implementation of the most appropriate auditory stimuli. Stojmenova et al. proposed a 
candidate for the auditory stimulus through a user study considering some general properties and 
limitations of the human hearing system. They took into consideration that the hearing system is only 
sensitive to stimuli containing from around 20 Hz to around 20 kHz, and is the most sensitive to 
frequencies between 2 kHz and 5 kHz (Fast and Zwicker, 2006). Their results were most favourable 
towards 4 kHz and 8 kHz pure tones, played at 53 dB. Finally, they recommend the use of 4 kHz with a 
slightly increased intensity, primarily due to the fact that the upper limit of hearing decreases with age 
and therefore the 8 kHz could be more difficult to perceive for older drivers. They later validated their 
choice by performing a study in which they compared their ADRT version (4 kHz stimuli played at 60 
dB), with the standardized RDRT and TDRT, and showed that the ADRT is also sensitive to the 
attentional effects of cognitive load (Stojmenova and Sodnik, 2018b). 
Choosing the right DRT version (relationship between the DRT version and the secondary task) 
As indicated before, all DRT versions are used to assess the attentional effects of cognitive load 
imposed on the driver by secondary tasks. There is a strong relationship between the type of secondary 
task and the DRT version used due to the previously presented potential overlap of input/output 
channels (i.e. human senses and responders). The two most commonly used groups of secondary tasks 
in vehicles are:  
- visual-manual tasks: typical interaction with in-vehicle infotainment systems (IVIS) 
where the information is shown visually and the device is operated manually (e.g. 
head-down or head-up displays operated through a touchscreen or various buttons 
and levers in the cockpit); 
- pure cognitive tasks: in-vehicle tasks where information is presented auditorily and 
responses are given vocally (e.g. navigation device operated through speech 
commands or simple phone conversations based on hands-free systems).  
These two types of typical in-vehicle tasks can be simulated by two experimental tasks enabling a high 
level of controllability and experimental validity. 
The Surrogate Reference Task (SuRT) is a standardized visual-manual task where drivers are presented 
with a number of circles of the same size and one larger “target” circle. They have to point out the 
target circle using the left and right keypad buttons (ISO, 2012). Depending on the difference in the 
size of the target circle and other circles, the level of demand can be easy or hard (Figure 5.4). 






Figure 5.4: Visual-manual Surrogate Reference Task (SuRT) (Young et al., 2013). 
Delayed digit recall is a pure cognitive task, also known as a modified n-back task (Mehler et al., 2011). 
It is a simple task where drivers are presented with spoken auditory stimuli in the form of single-digit 
numbers, which they have to repeat back to the experimenter following specific rules. The structure 
of the task allows several difficulty levels: mild, moderate and high level of task demand. For the mild 
level, the driver has to repeat immediately the last number presented – 0-back, for the moderate the 
number next-to-last (1-back) and for the high level the number second-to-last (2-back). An example of 
the consecutive order of numbers and driver’s responses is presented in Table 2.1. 
The sensitivity, to both visual-manual and pure cognitive secondary tasks, for all four versions of DRT 
methods has been evaluated in various studies (Merat et al., 2006; Ranney et al., 2011; Young et al., 
2013; Stojmenova and Sodnik, 2018b). Based on the results of these studies the ISO DRT standard 
suggests primarily visual and tactile DRT variants to be suitable and sensitive for assessing distracting 
factors of audio-vocal systems in vehicles (ISO, 2016). The tactile version should preferably be used for 
the assessment of systems that present information visually, and therefore require more visual 
attention.  
Stojmenova and Sodnik (2018b), on the other hand, demonstrated that the audio version of the DRT 
also showed the greatest differences in response times when comparing trials without and trials with 
a cognitive auditory-vocal task (Figure 4.4). In their experiment, the same amount of cognitive load 
was induced across all trials with a cognitive task, therefore the obtained differences in response times 
directly represent the sensitivity of each method. The results even indicate that the ADRT seems to be 
the most sensitive version of the DRT methods for assessing the impact of this type of secondary tasks. 
Response to stimulus 
The response method has also evolved through the years. In the first research that mentions the RDRT 
(PDT), a verbal response was used to indicate that the stimuli were perceived (Muira, 1986; Muira, 
1987). In surrogate driving environments, where drivers, instead of driving, watch a driving video 
recorded from a driver’s perspective, tapping on the pedal brake was also used as a response method 




(Angel et al., 2002; Graydon et al., 2004). Nevertheless, the most common and now standardised 
response method is a manual response based on a button press (Martens and Van Winsum, 2000; 
Young et al, 2013; ISO, 2016, Stojmenova and Sodnik, 2018b). The ISO standard recommends that a 
button is attached to the thumb, index finger (Figure 5.5) or, if requested, any other finger, on the left 
hand for left-operated vehicles and vice versa, and it is pressed against the wheel to respond to the 
presented stimuli (ISO, 2016).  
 
Figure 5.5: Response button used for answering DRT stimuli (Čegovnik et al, 2018). 
Paul Fitts discussed the importance of “compatibility” of the stimulus and response in terms of their 
modality (e.g. visual-vocal, visual-manual, auditory-manual, tactile-manual, etc.) (Fitts and Seeger, 
1953). The properties of the relationship between the two turned out to be as important as their 
individual properties. It refers to the finding that different combinations of stimuli and response 
modalities produce different results (e.g. faster and more accurate responses) (Verfaellie et al., 1990). 
This raises a question about the possibility of defining a standardised answering method for the DRT 
as currently all four versions of the method use the same response method. 
DRT intrusiveness 
An important point to be considered when using this sensory based method is the fact that although 
it tries to capture the effects of secondary tasks on the driver’s attention, the method itself is also a 
secondary task, and as such distracts the driver from its primary task. Regardless of the stimuli 
modality, the DRT requires constant driver’s involvement and diverts his/her attention from driving to 
detecting the presented stimulus. Stojmenova and Sodnik (2018c) conducted a study in which they 
explored the intrusiveness of the method by observing changes in three dependent variables:  
- psychophysical response (i.e. pupil dilation), 
- driving performance (i.e. acceleration and lane deviation/departure), and 





- secondary task performance (i.e. performance of the secondary cognitive task, success 
rate and task completion times).  
In the study, participants performed 8 trials:  
 driving 
 driving and a cognitive task (n-back task) 
 driving and RDRT 
 driving and RDRT, and a cognitive task (n-back task) 
 driving and TDRT 
 driving and TDRT, and a cognitive task (n-back task) 
 driving and ADRT 
 driving and ADRT, and a cognitive task (n-back task) 
They explored how these three variables changed in the presence of DRT stimuli. The driver’s pupil 
size data for trials without the DRT and trials with the DRT did not show significant differences, 
indicating that answering DRT stimuli does not impose additional cognitive load on the driver. Results 
on acceleration deviation and task completion times suggest that answering DRT stimuli affects driving 
(Figure 5.6 and Figure 5.7) and secondary task performance (Figure 5.8 and Figure 5.9). 
DRT intrusiveness on driving performance  
In the study, participants were asked to drive at a constant speed of 130/km on a simulated highway 
route with low traffic intensity, which did not require them to overtake any vehicles. Consequently, 
the average driving speed did not change much during different trials, and variation of the speed 
increased significantly when comparing trials without answering the DRT and trials with the RDRT and 
TDRT (Figure 5.6). There were also significant increases in the standard deviation of mean acceleration 
for trials with all three versions of RDRT, TDRT and ADRT compared to trials without DRT stimuli (Figure 
5.7). 
When performing more than one task, drivers can adjust their performance and allocate more effort 
to the primary task of driving (Young et al., 2007). In the study by Stojmenova and Sodnik (2018c), this 
is evident from the fact that the average speed across all trials did not change; however, there was an 
increase in the average speed and acceleration deviations for trials with the DRT, indicating that 
participants had to put more effort to complete the task of driving at a constant speed. These results 
could be taken into consideration when evaluating IVIS with the DRT and driving performance data; 
some of the speed and acceleration deviations (if these are considered as driving performance 
indicators) could be the result of answering DRT stimuli and not necessarily because of the use of the 
tested IVIS. Additional caution should also be taken when performing studies with the DRT in real 
driving environment, to ensure test driver’s safety. 





Figure 5.6: Standard deviation of the mean speed across trials without and with visual, tactile and 
auditory DRT stimuli (Stojmenova and Sodnik, 2018c). 
 
Figure 5.7: Standard deviation of the mean acceleration deviation across trials without and with 
visual, tactile and auditory DRT stimuli (Stojmenova and Sodnik, 2018c).  
 
DRT intrusiveness on secondary task performance 
The performance of the secondary task (i.e. a delayed digit recall task (n-back task), Mehler et al., 
2011), did not decrease statistically significantly when users were asked to respond to the DRT 
compared to trials without the DRT. However, an obvious fall in the performance success rate is 
evident for trials with the TDRT and ADRT (Figure 5.8). Furthermore, the time needed to complete 
each part of the task increased significantly for trials which also included answering DRT stimuli 
(Figure 5.9). As the task completion time is a common indicator of a system’s usability, researchers 
should be careful in interpreting this data when evaluating a system using the DRT. 






Figure 5.8: Mean task performance rate for trials without and with DRT stimuli (Stojmenova and 
Sodnik, 2018c) 
 
Figure 5.8: Mean task completion times for trials without and with DRT stimuli (Stojmenova and 
Sodnik, 2018c) 
Alternative methods for the assessment of driver’s cognitive load 
Cognitive load does not have a quantity unit, and is therefore always observed relatively, mainly 
through other parameters that change when cognitive demand increases. It has been conceptualized 
as the allocation of mental resources or effort needed to perform one or more tasks at a time 
(Kahneman, 1973), and as a multidimensional construct representing the load that performing a 
particular task imposes on the learner’s cognitive system (Paas, 2003). As shown with the DRT, 
cognitive load and its effect on attention can be successfully measured by observing secondary tasks 
performance indicators, such as response times (time completion times) and hit rates (performance 
success). Driving performance is also observed as an indicator of changes in cognitive load (Liang et al., 
2007; ISO, 2010; Young et al., 2011). One such method that uses degradation of driving performance 
is the Lane Change Task. With this method, drivers have to change lanes according to specific visually 
presented signs within a simulated driving environment. The number of successful lane changes, lane 




deviations, and steering angles when performing the lane change are compared for trials without and 
with a secondary task, to explore changes in cognitive load. However, Engström et al. (2007) suggest 
that cognitive distraction in this method only affects detection and response to the visual signs 
(successful lane changes), whereas lane deviations and other driving performance indicators are more 
a result of visual distraction. Unlike the DRT, this method can only be used in simulated driving 
environments, which are usually very simple and do not include any other traffic interaction in order 
to not compromise the primary task of lane changes. This raises the question of the ecological validity 
of studies performed with this method or whether the obtained results from such experiments can be 
replicated in real-life situations.  
Alternatively, an increase in cognitive load can also be reported subjectively through self-assessment 
questionnaires or by monitoring psychophysiological parameters, such as pupilometry or 
cardiovascular, electrodermal and neural activity.  
Many studies use self-evaluation questionnaires to determine the level of cognitive load that a 
particular task may impose on an operator. Although self-ratings may appear questionable, studies 
have demonstrated that people are capable of giving a numerical indication of their perceived load 
(Paas et al., 2003). However, some information can be lost or affected due to the nature of collecting 
data, which is always after completing the task. At that point the participant could have already 
forgotten (if the task lasts a longer period of time), or could be influenced only by the events towards 
the end of the task (the last thing the participant remembers). Nevertheless, self-evaluation 
questionnaires are commonly used due to their cost and time efficiency and relatively simple 
administration.  
Most subjective measures are multidimensional in that they assess groups of associated variables, such 
as mental effort, fatigue, and frustration, which are all highly correlated (Paas et al., 2003). For 
example, the NASA Task Load questionnaire (NASA-TLX), in the original (Hart and Staveland, 1988) and 
numerous modified forms (Byers et al., 1989; Moroney et al., 1992; Pauzié, 2008), is one of the most 
common and still widely used scales for self-assessment. As a multi-dimensional rating procedure, it 
provides an overall workload score based on a weighted average of ratings of originally six dimensions: 
mental, physical and temporal demand, and performance, effort and frustration. The Subjective 
Workload Assessment Technique (SWAT) uses only three: time, mental and psychological stress load, 
and similarly to the NASA-TLX it uses conjoint measurement and scaling techniques to develop a single, 
global rating scale (Reid and Nygren, 1988). This rating score, however, does not give information only 
on cognitive load; it is an overall assessment of driver’s workload for performing a task, which can also 
be due to the visual, manual or other type of demand. Both methods have been primarily used for the 
assessment of aircraft operators but have since spread also to other vehicle operators.  
Furthermore, for a more detailed and extensive research questionnaires such as the Workload Profile 
(WP) are used. The WP does not ask participants to rate the amount of load they have experienced, 
but to identify which attentional resource (sheet of definitions on each of them is also provided) they 
had to use to complete the task (Tsang and Velazquez, 1996). This method has been shown to be 
superior in sensitivity compared to the NASA-TLX and SWAT (Rubio et al., 2004), and due to the fact 
that it does differentiate between resources, cognitive load can be distinguished from other types of 
resource demand. Nevertheless, its implementation and interpretation is much more challenging than 





the former two. Although questionnaires represent a relatively easy way of gathering data, they are 
often considered as unreliable and are usually accompanied with at least one other method for 
workload assessment. This suggests that they are used more as a complementary method to the DRT, 
rather than as an alternative.  
Observing and capturing psychophysiological parameters, on the other hand, is quite the opposite. It 
requires higher financial and technical input, but it is usually viewed as more valid and reliable. There 
are a number of methods and sensors developed for assessing the physical and psychological state of 
the driver in relation to his/her cognitive load. Heart rate (HR) sensors, for example, are one of the 
earliest and commonly used biometric indicators of changes in cognitive load in vehicle operators 
(Wierwille and Eggemeier, 1993). Heart rate variability (HRV) is used, with a number of researchers 
indicating to be superior to HR (Mulder, 1992) when assessing changes in cognitive load. Mehler et al. 
(2011), however, suggest that both parameters can be used as indicators of changes in cognitive load. 
In their study, results even indicated that with HR it is possible to detect also a low-level task, unlike 
HRV, which was only sensitive to higher demands of cognitive load. Still, the authors comment that 
they do not support the idea that one measurement is superior to the other. Instead, they suggest that 
physiological measurements can be influenced by the conditions and environment in which the testing 
is taking place, as well as the type of workload that is imposed by the secondary task (for example, 
pure cognitive or not). They also suggest supporting cardiovascular measurements with electrodermal 
measurements, such as skin conductance, to further increase the reliability of such tests. 
Electrodermal activity (EDA) sensors are used to collect electrophysiological data to explore and 
understand the emotional and cognitive process. It is important to note that EDA is composed of two 
components: the electrodermal level, which occurs as a thermoregulatory process, and electrodermal 
responses, which are correlated with sympathetic nervous discharges (Sequeira, 2009). The latter are 
interpreted as indicators of a particular emotional or cognitive faction. As mentioned earlier, skin 
conductance is used as a supporting measurement for the assessment of driver’s cognitive load 
(Mehler et al., 2011; Son and Myoungouk, 2011). We could not find any studies that would report on 
driver’s cognitive load or cognitive distraction relying solely on this measurement. Furthermore, it is 
important to be aware that the same sweat glands are activated also when humans experience stress, 
and models that differentiate between these two should be applied when interpreting the data (Setz 
et al., 2010).  
As a substitute, eye activities such as pupil size, blink frequency and blink frequency variability can also 
be used for the assessment of a driver’s cognitive demand. Pupil size, for example, increases when 
humans are exposed to increased cognitive demand (Marshall, 2002; Van Gog et al., 2009). 
Researchers have reported studies in which the effects of cognitively demanding tasks while driving 
can be detected with both low-cost and high-end eye trackers (Klingner et al., 2008; Palinko et al., 
2010; Čegovnik et al., 2018). Instead of only observing the physical changes in driver’s eyes, it has been 
found that cognitive distraction can also be understood from visual behaviour, such as following the 
driver's gaze (eye tracking) and effects (visual tunnelling and eye fixations), as it affects the driver’s 
visual field horizontally and vertically, and glances at the rear mirrors or speed signs are less frequent 
(Stuyven et al., 2000; Recarte and Nunes, 2003). The biggest disadvantage of eye trackers is that the 
eye is very light sensitive, and the collected data can also be influenced by visual load and distraction. 
Therefore, eye activities, especially pupil size, can also be the result of changes in surrounding lighting 




or due to visual information related to traffic (signs, brake lights or traffic lights). In controlled driving 
environments, such as driving simulators, these difficulties can be avoided; however, in real-life 
vehicles, eye-trackers can be more difficult to use.  
Furthermore, electroencephalogram (EEG) is also used for the assessment of driver’s cognitive 
distraction and can be interpreted as the closest sensory-based method to directly measure cognitive 
load. EEG variables that indicate changes in cognitive demand are alpha suppression, increased beta, 
increased frontal midline theta, and ratios such as beta–alpha plus theta and alpha plus theta–beta 
(Antonenko et al., 2010; Klimesch, 1999). While the EEG can record even the slightest increase in 
cognitive load, it cannot detect cognitive underload, which can occur due to the lack of attention 
(Wester et al., 2008). For this type of cognitive distraction, event-related potentials (ERPs) are more 
appropriate. The ERP is a direct brain response to sensory, cognitive or motor stimuli, and is also 
recorded with EEG sensors. Most of these methods were developed for the assessment of cognitive 
load in general, and not solely of drivers’ cognitive load and distraction. The driving environment is 
quite dynamic and the testing conditions are much different than laboratory and research noise-free 
and controlled ones, which calls for precaution when interpreting the data, or use of a much simpler 
solution (if the study characteristics allow it), such as the Detection-Response Task. 
Conclusions 
The detection-response method (DRT) has gained popularity in the human-computer interaction (HMI) 
research community mainly due to its simple implementation, lower cost than use of biometric 
sensors, and more reliable detection of the effects of cognitive load compared to self-evaluation 
questionnaires. The need for such a method has also been confirmed by all the suggestions for 
improvements during the years and the effort invested into developing four different versions with 
the purpose of making it suitable for different testing environments and various IVIS modalities.  
In order to collect reliable data, the method characteristics and limitations should be taken into 
consideration when performing research studies, and the right version should be chosen based on the 
environment and the tested in-vehicle interaction and infrastructure. The DRT relies on the perception 
of either visual, tactile or auditory stimuli, which can cause an overlap in modalities used for interaction 
with in-vehicle interfaces. These overlaps should therefore be avoided when selecting the most 
appropriate DRT method. For example, the visual versions, RDRT or HDRT, could be used for testing 
less visually demanding IVISs as they all rely on the same perception channel. Similarly, the tactile 
version, TDRT, should not be used for interfaces relying on tactile information presentation (for 
example seat or steering wheel vibrations), and could be used instead for visual or auditory interfaces. 
The auditory DRT could be used for the assessment of pure cognitive tasks and visual-manual 
interfaces. From the reported evaluation of various research studies it can be concluded that different 
modalities also enable the use of different testing environments; for desktop simulators, where head 
turning is not required, the RDRT offers the simplest implementation. The ADRT or TDRT, on the other 
hand, could be used for set-ups with changing lighting or a number of visual distractions, such as traffic 
and vehicle lights, dash-board information signals or direct sunlight, which could lead to overlooking 
visual stimuli.  





It is important to mention that although the DRT method does not impose additional cognitive load, it 
does affect the driver's performance and secondary task performance. Increased speed and 
acceleration variations indicate that the driver's performance is affected by the DRT, which on real 
roads can endanger the driver and the rest of the traffic participants. Controlled driving environments, 
such as simulators and surrogate driving set-ups, may be more appropriate when using this method in 
order to avoid casualties and preserve test drivers’ safety. Task completion time is a common indicator 
of a system's usability and intuitiveness. Because answering DRT stimuli increases the task completion 
times for secondary tasks (operation of IVIS), researchers should be careful when interpreting these 
data. 
Even though the implementation methods and collection of response times can be performed with an 
average PC, its implementation was made even easier after Krause et al. published an open source 
code and detailed step-by-step instructions on how to construct an Arduino based system for stimuli 
presentation and collection of response times (Krause et al., 2014). Alternatively, there are also 
available ready-to-use DRT sets (Res Scientific, USA), or even companies that offer performing DRT 
studies as a service (NERVteh, Slovenia). 
After reviewing the potential uses and limitations of the method, and comparing it with the possible 
alternatives, the detection-response task can be considered as an easy to use and implement method, 
which allows relevant assessment and evaluation of in-vehicle systems. By following the standard and 
other published recommendations for different environments, while taking into account the method's 
limitations and intrusiveness, researchers can get reliable and valuable results on the effect of 
cognitive load on driver’s attention. 
 









Z razvojem nove zvočne različice metode, ki je nastala v okviru te disertacije, sta se področje uporabe 
in občutljivost metode za zaznavanje kognitivne obremenitve razširila in izboljšala. Pri tem pa je 
potrebno opozoriti na dejstvo, da rezultatov, ki so nastali v okviru disertacije, ni možno posplošiti na 
vsa področja oziroma testna okolja in da so za široko uporabo te različice potrebne tudi nadaljnje 
raziskave. 
Vse študije so bile izvedene v simuliranem okolju – simulacija nadomestne vožnje in dve izvedbi 
simulatorjev vožnje. Razlog za to so številne prednosti, ki jih imajo poskusi v simulatorju vožnje pred 
poskusi z realnimi vozili. Predvsem je možno simulirati nenavadne in nevarne prometne situacije brez 
izpostavljanja dejanski nevarnosti. Študije v simulatorju omogočajo tudi kontrolirano in ponovljivo 
poskusno okolje ter enostaven in natančen zajem podatkov. Pri drugi študiji smo se odločili za 
simulacijo navidezne vožnje predvsem zato, da bi omejili dodatne taktilne motnje, ki bi lahko vplivale 
na odzive testnih uporabnikov. Vseeno se zavedamo, da ima uporaba simulatorjev vožnje tudi 
določene pomanjkljivosti, predvsem zaradi nekoliko zmanjšanega občutka resničnosti vožnje in možne 
občasne slabosti pri simulaciji zahtevnih voznih pogojev. In čeprav standard ISO dovoljuje uporabo 
simulacije navidezne vožnje za študije z ZON ter navaja, da gledanje videoposnetkov o vožnji, posnetih 
z zornega kota voznika, povzroči enake relativne rezultate med nalogami (ISO, 2016), je verjetno ob 
uporabi le-te občutek resničnosti še nižji kot v simulatorju vožnje. Zato obstaja možnost, da bi dobili 
drugačne rezultate ob ponovitvi raziskav v realnem vozilu, pri vožnji s kognitivno nalogo in pri vožnji 
brez kognitivne naloge. Pri tem bi se verjetno pojavile večje razlike v absolutnem odzivnem času in v 
uspešnosti opravljanja naloge. Ker pa metoda opazuje le relativne vrednosti oziroma spremembe v 
odzivnih časih in uspešnosti opravljanja naloge pri poskusih s kognitivno nalogo in brez, ni nujno, da 
bodo te razlike bistveno vplivale tudi na končne rezultate.  
Da bi zagotovili kontrolirano povečevanje kognitivne obremenitve in zanesljivost opravljenih meritev, 
smo namesto dejanske uporabe informacijsko-komunikacijskega sistema med vožnjo uporabili 
simulacijo interakcije človek-IK-sistem s čisto kognitivno nalogo n-nazaj. Takšen način povečevanja 
kognitivne obremenitve nam je omogočil tudi lažjo primerjavo pridobljenih rezultatov z že obstoječimi 
študijami o vizualni in taktilni različici metode ZON, kar je eden od glavnih ciljev te naloge. Na ta način 
pa smo nekoliko zmanjšali ekološko veljavnost študij (v kolikšni meri je eksperimentalna situacija 
podobna resnični, da lahko rezultate posplošimo v vsakdanjem življenju oziroma v našem primeru v 
realnem vozilu).  
Pri izvajanju uporabniških študij ima število testnih uporabnikov velik vpliv na zanesljivost rezultatov ali 
ugotovitev, ki izhajajo iz le-teh. V študijah, ki so nastale v okviru te disertacije, smo določili število testnih 
uporabnikov glede na časovne zmožnosti in tako, da bi zagotovili uravnoteženost med pogoji (ang. 
counter-balanced measures design). Zato je število udeležencev nekoliko manjše, kot bi si sicer želeli. 
To pomanjkljivost smo skušali odpraviti s številom predvajanih dražljajev za vsak pogoj znotraj poskusa 
vsakega udeleženca, saj smo zagotovili vsaj 10 odzivov (oziroma 18 v prvi in več kot 25 v tretji študiji) na 
vsak testirani dražljaj od priporočenih vsaj 5 s strani standarda ISO (ISO, 2016).  
Za splošno uporabo nove zvočne različice metode ZON so potrebne nadaljnje raziskave v realnem okolju, 





sistemi poleg vizualnega in manualnega odvračanja pozornosti prav tako povzroči kognitivno 
obremenitev oziroma kognitivno odvračanje pozornosti. Ker večina današnjih IK-sistemov še vedno 
predstavlja informacije vizualno in jih voznik upravlja ročno, so potrebne nadaljnje raziskave tudi na tem 
področju. Zato je smiseln naslednji korak na področju zvočne metode ZON evalvacija s simulirano 
vizualno-manualno nalogo, kot je na primer naloga »poišči tarčo« (ISO, 2012), opisana v Uvodu, kot tudi 
s pravim IK-sistemom, kjer interakcija med voznikom in sistemom poteka v vizualno-manualni obliki.  
Še vedno pa obstaja veliko razlogov za vedno večje zanimanje za uporabo zaznavno-odzivne naloge kot 
metode za posredno ocenjevanje kognitivne obremenitve in njenih učinkov na voznikovo pozornost. 
Relativno enostavna implementacija in cenovna dostopnost metode omogočata raziskave na področju 
kognitivne obremenitve v vozilih veliko večji množici raziskovalcev kot z uporabo metod, ki temeljijo 
na psihofizioloških meritvah. Zanesljivost pridobljenih rezultatov in občutljivost metode tudi za zelo 
majhne spremembe v kognitivni obremenitvi sta prednosti, ki ločita metode ZON od metod, ki temeljijo 
na samoevalvaciji. Vendar je za zagotavljanje zanesljivih rezultatov potrebno upoštevati omejitev 
metode ter izbrati pravilno različico glede na lastnosti testnega okolja in evalviranega IK-sistema. Glede 
na to, da metoda ZON ocenjuje kognitivno obremenitev, ki jo povzroča dodatna naloga (upravljanje IK-
sistema), hkrati pa tudi sama zahteva od voznika opravljanje dodatne naloge (odgovarjanje na 
dražljaje), njen vpliv na vožnjo in opravljanje dodatnih nalog ni presenetljiv. Pozitivno je dejstvo, da 
opravljanje ZON ne povzroča dodatne kognitivne obremenitve, kar potrjuje, da so podatki o kognitivni 
obremenitvi in njenih učinkih le posledica opravljanja drugih nalog ob vožnji. Po drugi strani so 
raziskave pokazale, da so ob opravljanju več nalog hkrati vozniki zmožni prilagajati uspešnost 
opravljanja posamezne naloge in se tako prilagodijo zahtevam vožnje ali opravljanju dodatne naloge 
(Young idr., 2007). To je tudi razvidno iz rezultatov, predstavljenih v 5. poglavju, ki kažejo, da se 
povprečne vrednosti hitrosti vožnje in pospeškov ne spremenijo ob uporabi ZON v primerjavi z vožnjo 
brez nje, vendar pa se poveča standardna deviacija teh parametrov. To bi lahko interpretirali, kot da 
vozniki ob opravljanju ZON lahko dosežejo podobno uspešnost vožnje, le da za doseganje tega 
namenijo več mentalnih virov. Podoben učinek je možno opaziti tudi pri opravljanju dodatne naloge, 
kjer se uspešnost ni statistično pomembno zmanjšala, se je pa podaljšal čas, potreben za opravljanje 
naloge. S poznavanjem teh učinkov se uporabnost metode izboljša, saj je interpretacija rezultatov 
zanesljivejša, ker upošteva tudi spremembe, ki so nastale kot posledica opravljanja ZON in ne samo 
zaradi opravljanja druge dodatne naloge.  
Ocenjevanje učinkov kognitivne obremenitve voznikov v današnjih avtomobilih, ki ponujajo vedno več 
informacij in razvedrilnih vsebin, lahko veliko prispeva k zagotavljanju varnosti voznika kot tudi ostalih 
udeležencev v prometu. Z domiselnim snovanjem uporabniških vmesnikov in izbire alternativnih 
modalnosti sporočanja informacij (v izognitev zasičenju enega čutila) je možno doseči kognitivno manj 
zahtevno komunikacijo voznika z IK-sistemom v vozilu. Druga možnost so tudi sistemi, ki bi ob povečani 
zahtevnosti opravljanja naloge vožnje (kritične situacije na cesti, gost promet ali nepričakovani 
dogodki) samodejno zmanjšali in omejili količino informacij, ki niso povezane z vožnjo, ki jih lahko IK-
sistem sporoči vozniku. Teh težav bo vsekakor veliko manj ob nastopu avtonomnih vozil na cesti. A 
preden bodo na cestah le samovozeči avtomobili, bo še nekaj let s polavtonomnimi sistemi, ki so sicer 
v veliko pomoč vozniku, vendar v določenem trenutku vseeno zahtevajo, da voznik prevzame kontrolo 
nad vozilom. Kako kognitivno zahtevne so takšne zamenjave in kakšne učinke ima kognitivna 




področja raziskav na temo kognitivne obremenitve. Zato je razvoj zanesljivih metod za ocenjevanje 












7. Prispevki k znanosti 
Na podlagi rezultatov, ki so nastali v okviru disertacije, so izvirni prispevki k znanosti naslednji: 
1. Evalvacija občutljivosti in natančnosti vizualne, zvočne in taktilne različice metode ZON. 
Vse tri različice metode ZON (vizualna, taktilna in zvočna) so občutljive za zaznavo razlike v kognitivni 
obremenitvi med referenčno vožnjo in vožnjo s kognitivno nalogo (Stojmenova idr., 2017). Zvočna 
različica ZON, pri kateri se uporablja izvedba signalov, predlagana v tej disertaciji (izvirni prispevek št. 
2), je za zvočno-govorne dodatne kognitivne naloge statistično pomembno boljša od oddaljene 
vizualne in taktilne različice (Stojmenova in Sodnik, 2018b). 
2. Določitev najprimernejšega zvočnega signala za zvočno različico metode ZON.  
Tabela 7.1: Priporočene specifikacije zvočnega dražljaja metode ZON (Stojmenova idr., 2018a; 
Stojmenova in Sodnik, 2018b). 
Parameter  Vrednost 
Trajanje zvoka 1 s 
Frekvenca zvoka 4 kHz (čisti ton)  
Amplituda zvočnega tlaka 60 dB SPL 
Medij za predvajanje zvoka Slušalke  
 
3. Evalvacija invazivnosti metode ZON na voznika in vožnjo.  
Metoda ZON (vse tri različice) ne povzroča kognitivne obremenitve vozniku, vpliva pa na uspešnost 
vožnje in uspešnost opravljanja kognitivne naloge oziroma uporabo evalviranega informacijsko-
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